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ABSTRACT 
 
David Irvin: Astrocytes and Their Response to Pathology 
(Under the direction of C. Ryan Miller) 
 
 
Glioblastoma (GBM), the most common primary malignant brain tumor, remains fatal and 
lacks effective treatment options. The influence of initiating mutations and cellular origin on GBM 
pathogenesis remains elusive. Previous studies utilizing genetically engineered mouse models 
(GEMM) have outlined some mutational and cellular requirements for GBM in different 
developmental contexts. However, the influence of particular mutations in differing cell types 
remains incompletely characterized. Groups such as The Cancer Genome Atlas (TCGA) have 
utilized high-throughput molecular analysis of human GBM and identified three frequently mutated 
core signaling pathways: the receptor tyrosine kinase (RTK), retinoblastoma (RB), and the P53 
pathways. Leveraging this knowledge, we have designed conditional, inducible GEMMs to target 
commonly mutated signaling pathways in different cellular contexts in the adult mouse brain. In 
this model system, we outlined the genetic requirements of GBM initiation in glial fibrillary acidic 
protein (GFAP)+ astrocytes. We defined the resulting molecular heterogeneity, stochastic growth 
rates, and genotype-dependent survival effects. Also, we found tumor transcriptomes from our 
GEMM separate based on brain region, implicating the influence of regional heterogeneity on 
tumor subtype. Finally, we noted that tumor transcriptomes are reminiscent of purified neural cell 
types, suggesting that the initially mutated cell influences resulting tumor heterogeneity. 
GEMMs have been used to target different mutations to distinct cell populations to 
generate GBM. However, it remains unclear whether heterogeneity within a targeted cell 
population influences resulting tumor composition. Therefore, we targeted the same mutations to 
two different astrocyte subpopulations in adult conditional, inducible GEMMs and used genetic
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lineage tracing, fate mapping, and immunofluorescence to monitor transformation as well as 
cellular composition of the tumor microenvironment over time. We found that tumor growth rate 
and composition of the microenvironment varied depending on the initially transformed astrocyte 
population. 
Using GEMM, we and others have shown that terminally differentiated astrocytes can 
serve as a cell of origin, however the molecular mechanisms which allow for their de-
differentiation to a more primitive cell type remain unclear. Using immunofluorescence, we found 
expression of the primitive transcription factor Sox2 in the adult murine astrocytes. To test whether 
Sox2 was important for astrocyte de-differentiation, we wounded the brains of adult mice with 
Sox2 deleted in astrocytes and observed an inappropriate wounding response by glial cell 
populations. Next, we engineered in a conditional Sox2 knockout into our GEMM tumor model 
and found tumorigenesis was unaffected. The results suggest that Sox2 could play a role in 
astrocyte reentry into the cell cycle under diverse pathological conditions, including traumatic 
injury and tumorigenesis. 
Overall this research explores the requirements for tumorigenesis in murine astrocytes 
and examines the molecular mechanisms that enables their response to pathological stimuli. The 
models we developed will be useful for future studies elucidating the roles of the transformed cell 
of origin on GBM pathogenesis, subtype specific preclinical modeling of GBM, and the role of 
tumor microenvironment in GBM. 
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Chapter I: Introduction 
 
Diffuse gliomas are the most common primary brain tumor. They account for 27% of 
primary brain tumors in the United States and over 80% of these are considered malignant (1). 
Gliomas are diagnosed based on histology into two groups, the more aggressive astrocytoma 
which resemble astrocytes and oligodendroglioma which resemble oligodendrocytes. However, it 
currently remains unknown whether these tumors actually arise from these cells of origin. Diffuse 
glioma (WHO grade II) are diagnosed based on cellular atypia and hold a 10-15 year median 
survival (2). In contrast, anaplastic glioma (WHO grade III) are diagnosed based on the presence 
of frequent mitotic figures and have a median survival of 3-5 years (2). Glioblastoma (GBM, 
astrocytoma grade IV) is the most common and biologically aggressive primary brain tumor (2). 
It is diagnosed based on the presence of microvascular proliferation and necrosis, features that 
portend a dismal median survival of 12-15 months. The clinical outcomes of patients with diffuse 
gliomas have not improved significantly over the past 40 years (2). 
While lower-grade gliomas lack a standard of care, the current standard for GBM includes 
surgical resection followed by concurrent fractionated radiation and the DNA alkylating agent 
temozolomide (3, 4). However, these treatments provide only transient survival benefits and they 
fail to address the underlying molecular drivers of tumor growth. Comprehensive genomic profiling 
of GBM has identified four different transcriptome subtypes: neural, proneural, mesenchymal and 
classical (5). Methylation profiling has revealed that a GBM CpG island methylator phenotype (G-
CIMP) comprises around 30% of the proneural GBM (6). Each subtype possesses unique cellular 
composition, therapeutic responses, and clinical outcomes (5-8). Furthermore, primary GBM, 
which arise without clinical evidence of a previously-existing lower-grade glioma, and secondary 
GBM, which develop via progression of a lower-grade precursor glioma, are molecularly distinct
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(9). Also, four transcriptome subtypes of lower-grade (II and III) gliomas with distinct mutations 
and clinical outcomes have been identified (10). The fact that these tumors display high degrees 
of morphological, molecular, and biological heterogeneity has driven efforts to modify glioma 
classification beyond histopathology alone to include both morphological and genotypic features 
(9). Further defining the underlying sources of this extensive heterogeneity would facilitate tumor 
classification and development of targeted, mechanism-based strategies to manage these fatal 
diseases. 
Two main models have been put forward to account for cancer heterogeneity (11). In the 
mutation model, distinct tumor subtypes are thought to arise from transformation of a single cell 
type by different oncogenic mutations. Large scale sequencing studies of surgically resected 
human tumors have shown frequent gene mutations in three “core GBM signaling pathways”: the 
G1/S cell cycle checkpoint, receptor tyrosine kinase (RTK)/mitogen activated protein kinase 
(MAPK)/phosphoinositide 3-kinase (PI3K), and TP53 pathways (12, 13). These same studies 
have also shown that GBM transcriptome subtypes show enrichment of specific mutations. For 
instance, IDH1 mutations were enriched in the proneural subtype, EGFR mutations in the 
classical subtype, PDGFR mutations in the neural subtype, and NF1 mutations in the 
mesenchymal subtype (5). However, these studies are unable to differentiate mutations driving 
glioma growth and passenger mutations acquired during tumor progression. 
Genetically engineered mouse models (GEMM) have become an indispensable 
experimental tool for defining mutations that drive glioma growth. Various groups have shown that 
mutations in many genes, including loss-of-function mutations in Cdkn2a, Nf1, Pten, or Trp53 
tumor suppressor genes and activating mutations in Egfr, Kras, or Akt1 oncogenes, have been 
shown to produce gliomas either alone or when combined to transform a single cell type: cells 
expressing the glial fibrillary acidic protein (GFAP) (14-21). Likewise, mutations in Cdkn2a, Nf1, 
Pten, or Trp53 tumor suppressor genes and activating mutations in Kras or Akt1 oncogenes have 
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been shown to induce glioma in oligodendrocyte progenitor cells (OPC) (22-24) and neural stem 
cells (NSC) (21, 25, 26). 
In contrast to the mutation model of heterogeneity, the cellular origin model proposes that 
the transformation of different cell types leads to distinct tumor subtypes. The brain is composed 
of multiple cell lineages with overlapping hierarchies. Moreover, their gene expression profiles 
vary based on brain location and developmental stage (27, 28). The cell of origin for GBM is 
currently unknown but NSC, progenitor cell types such as an OPC, or differentiated cell types 
such as an oligodendrocytes and astrocytes are potential candidates. The histological 
resemblance of gliomas to either astrocytes or oligodendrocytes provided initial evidence for their 
cell of origin. Through comparative transcriptome profiling, The Cancer Genome Atlas (TCGA) 
showed that human GBM subtypes harbor transcriptomes similar to purified neural cell types 
including: mouse astrocytes, neurons, OPC, and NSC (5), suggesting that these cell types could 
be GBM cells of origin. Clinical studies have also shown that the majority of GBM make contact 
with the walls of the lateral ventricle, an area in the adult brain populated with NSC. These studies 
thus implicate NSC as a GBM cell of origin (29). 
GEMM have become an important tool for defining potential cells of origin for glioma. 
Specifically, genetic lineage tracing in GEMM is critical for appreciating how the initially 
transformed cell of origin relates to resulting cancer subtypes. Lineage tracing has provided 
critical insights into the cellular pathogenesis of medulloblastoma, a common primitive 
neuroectodermal tumor in children. Like GBM, medulloblastoma is a heterogeneous disease 
composed of multiple molecular subtypes. Lineage tracing in the developing brainstem and 
cerebellum has revealed that distinct cell types are transformed by specific mutations: mutations 
activating SHH signaling transform cerebellar granule neuron precursors, WNT activating 
mutations transform dorsal brainstem and lower rhombic lip progenitors, while activated MYC 
transforms cerebellar stem cells (30). 
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Various GEMM have confirmed the ability of different mutations to transform each of these 
neural cell types to induce glioma. For example, mutations that inactivate RB family pocket 
proteins (18, 31, 32), Cdkn2a (20, 21, 25), Nf1 (33, 34), Pten (15, 18, 32, 34), or Trp53 (15, 18, 
25, 33-35) and activate Hras (19, 35), Kras (16, 21, 36) or Akt1 (25, 36, 37) have been shown to 
transform GFAP+ NSC and astrocytes. The combination of Trp53 deletion and Hras activation 
has been shown to transform neurons expressing Synapsin 1 (Syn1) (35). Deletion of Cdkn2a 
(24), Nf1 (22, 38), or Trp53 (22, 38), overexpression of Pdgfb (23), and activation of Kras (23, 24) 
or Akt1 (23, 24) has been shown to transform OPC expressing neural/glial antigen 2 (NG2, a 
proteoglycan encoded by Cspg4) or 2’,3’-cyclic nucleotide 3’-phosphodiesterase (CNPase 
encoded by Cnp). Deletion of Nf1, Trp53, and Pten has been shown to transform ASCL1+ neural 
progenitor cells (39). Finally, deletion of Cdkn2a (20, 21, 25), Nf1 (26), Pten (25, 26), or Trp53 
(20, 26) and activation of Kras (21, 36), Idh1R132H (40), or Akt1 (21, 36) has been shown to 
transform NSC that express the intermediate filament protein nestin (encoded by Nes). These 
GEMM indicate that mutations in core GBM signaling pathways can transform a variety of neural 
cell types. Recently, identical initiating mutations in two different cell types (NSC and neural 
progenitors) have been shown to produce two phenotypically and molecularly distinct GBM 
subtypes (39). In combination, these GEMM data suggest that both initiating mutations and the 
initially transformed neural cell type may interact to contribute to the extensive molecular 
heterogeneity seen in GBM. 
Developmental origin of the initially transformed cell is an additional variable which could 
influence resulting tumor heterogeneity. The developmental origin of astrocytes has been 
extensively studied (41). In mice, astrocytes are generated from embryonic day 12 to post-natal 
days 14-21 (42, 43). Throughout this time, astrocytes arise from distinct precursor populations 
located in different regions of the brain. During embryogenesis, astrocytes are produced via 
asymmetrical division of stem-like radial glia located in ventricular (VZ) and subventricular zones 
(SVZ). Maximal astrocyte production occurs perinatally, when a 6-8 fold expansion in astrocyte 
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cell numbers (44) is achieved via both asymmetric division of intermediate progenitors in the 
VZ/SVZ (45, 46) and symmetric division of local GFAP astrocytes (43). Production from VZ/SVZ 
progenitors gradually ceases in early post-natal development (45, 46). In contrast, local 
production from GFAP astrocytes in other regions continues at low levels (<0.5%) three to four 
weeks after birth (43). 
Regional astrocyte diversity is generated perinatally through production from specific 
progenitor cell populations. For example, dorsal (Emx1+), medial (Dbx-1+), and intermediate 
(Nkx2.1+) progenitors produce astrocytes in the cortex, diencephalon, and hypothalamus, 
respectively (47). Specific progenitor populations also influence regional astrocyte heterogeneity 
in the developing spinal cord (48). These distinct cellular ontogenies could account for different 
regional transcriptomes seen in the adult mouse brain (49-51), as well as regional expression of 
astrocyte markers, such as GFAP, GLAST, GLT1, and ALDH1L1 (42). Specificity of these 
markers has been utilized to develop GEM models that target specific astrocyte subpopulations 
(48). While astrocytes expressing GFAP or ALDH1L1 are abundant throughout the brain (52), 
GLAST or GLT-1 expressing astrocytes are restricted regionally (53-56). Oncogenic mutations 
have been exclusively targeted to astrocytes using the GFAP promoter in mouse models of glioma 
(14). Thus, it remains unclear whether subpopulations of astrocyte are uniformly susceptible to 
oncogenic mutations. One recent report showed regional growth differences of cultured NF1-null 
astrocytes harvested from the cortex, cerebellum, brain stem, and olfactory bulb of the neonatal 
mouse brain (51). However, whether astrocyte heterogeneity impacts gliomagenesis in the intact, 
adult mammalian brain remains unexplored. 
 Cells and growth factors present in the local microenvironment are also able to interact 
with the initially transformed cell to influence resulting tumor heterogeneity. Glial cells in the 
surrounding microenvironment show regional transcriptome variability, which may reflect their 
distinct ontogenies and could impact tumor pathogenesis (57). Moreover, gliomas consist of a 
mixture of transformed cells and recruited glia. In fact, recruited astrocytes may constitute a 
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majority of cells within a given tumor (58) and have been shown to promote tumor invasion (37). 
Furthermore, tumor-associated OPC have been shown to promote neovascularization and disrupt 
the blood brain barrier (59). Microglia may also make up a sizable fraction of cells within a tumor 
(60) and these cells have been shown to create a symbiotic microenvironment that promotes 
tumor growth (61-63). However, the role of the cellular microenvironment upon resulting tumor 
heterogeneity remains unclear. 
 Based on these finding, and the results of our work, we propose that initiating mutations, 
cell of origin, and regional/microenvironmental heterogeneity interact to influence glioma 
heterogeneity. However, the specific molecular mechanisms that allow terminally differentiated 
cell types such as astrocytes to undergo dedifferentiation and proliferation is still incompletely 
understood. Recent gene expression studies have indicated that Sox2, an HMG box transcription 
factor previously thought to be restricted to NSC, is expressed in cortical astrocytes early in 
development and throughout adulthood in mice (52, 64, 65). Sox2 expression is critical during 
embryogenesis, characteristic of multipotent, actively dividing NSC, and necessary to induce 
dedifferentiation of fibroblasts into pluripotent stem cells (66-69). Sox2 could also be critical for 
maintenance of plasticity of adult astrocytes, thus making them a strong candidate cell of origin 
for glioma. In the normal adult brain, terminally differentiated astrocytes are quiescent; NSC and 
OPC are thought to be the only proliferating cells. However, in response to CNS damage, 
differentiated adult astrocytes are able to transiently reenter the cell cycle, express primitive cell 
markers, and undergo hypertrophy to aide in the wound response process termed reactive gliosis 
(70). Alternatively, proliferation of terminally differentiated astrocytes is able to occur in response 
to mutations. 
The presence of transcription factors associated with stemness in astrocytes suggests 
that these cells may be primed for dedifferentiation and cell cycle reentry in response to two 
distinct pathological responses: traumatic injury and oncogenic mutations. Stem cell transcription 
factors have previously been shown to dedifferentiate several terminally differentiated cell types. 
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For example, a transcription factor cocktail consisting of Sox2, Oct4, c-Myc, and Klf-4 has been 
shown to induce fibroblasts dedifferentiation and to reprogram them into induced pluripotent stem 
cells (iPS) (71). Sox2 is likely the most important transcription factor within this cocktail, since 
removal of Sox2 resulted in reduced efficiency of iPS induction. In contrast, removal of c-Myc 
failed to fully ablate iPS induction, suggesting Sox2 is more critical (72). Additional evidence of 
the critical role of Sox2 to reprograming is that generation of iPS from fibroblasts is achievable 
with the use of Oct4, Sox2, Nanog, and Lin28. These results suggest that c-Myc and Klf4 are 
supporting factors, whereas Sox2 and Oct4 are central for iPS generation (73). Moreover, Sox2 
is specifically involved in the induction of NSC from fibroblasts (74). This evidence indicates that 
Sox2 is critical for the induction of stemness, especially in the brain. 
Conditional, inducible GEMM are ideally suited for experimentally addressing how these 
separate variables influences tumor heterogeneity as well as the molecular mechanisms 
underlying astrocyte entry into the cell cycle. We have developed GEMM using mutations in the 
G1/S and RTK core GBM pathways in adult GFAP+ brain cells (14, 32). To disrupt the G1/S 
checkpoint, we inactivated all three members of the Rb family of pocket proteins using a single 
GFAP-driven transgene encoding the N-terminal 121 amino acids of SV40 large T antigen (T121, 
T) (31). A conditional knock-in encoding constitutively active Kras (KrasG12D, R) and a conditional 
Pten knockout (PtenDel, P) were used to separately activate MAPK and PI3K signaling (12, 75-
77). 
Despite the existence of various glioma GEMM (14), most studies have only examined the 
genomic profiles of high-grade glioma from terminally aged mice.  Genomic evolution during 
malignant progression has yet to be examined. Here, we use our conditional, inducible GEM 
glioma models to examine the genetic requirements for tumorigenesis and the genomics of tumor 
evolution during malignant progression. We showed that functional ablation of all three Rb family 
proteins was required for low-grade glioma initiation and tumor growth rates varied by brain 
region. Mutation and region specific transcriptome profiles were evident in these tumors, 
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suggesting that driver mutations and the initially transformed cell contribute to genomic 
heterogeneity. Low-grade glioma stochastically progressed to glioblastoma, in part through 
acquisition of location-specific copy number alterations. Although high-grade tumors were 
initiated by identical mutations in GFAP+ astrocytes, their transcriptomes were heterogeneous 
and consisted of three subtypes that resembled human mesenchymal, proneural, and neural 
glioblastomas. These subtypes were confirmed in a test set of high-grade mouse glioma driven 
by different oncogenic mutations in different cells of origin. High-grade tumor transcriptome 
subtypes correlated with brain region and resembled the transcriptomes of purified neural cells. 
In combination, these results suggest that oncogenic drivers influence low-grade glioma genomic 
profiles and that regional astrocyte identity and progression-acquired mutations contribute 
strongly to the genomic heterogeneity of glioblastomas. 
Also, we leveraged our GEMM to determine whether subpopulations of adult astrocytes 
respond similarly to identical oncogenic mutations. We targeted TRP mutations to different 
subpopulations of adult astrocytes using GFAP-CreER and GLAST-CreER and used genetic 
lineage tracing to monitor tumor growth and fate map transformed cells over time. Here, we 
demonstrate that TRP mutations transform GFAP astrocytes into rapidly growing tumors that are 
broadly distributed in multiple brain regions. In contrast, targeting these same mutations to the 
GLAST subpopulation produce slower growing tumors with regional differences in growth, 
significant microenvironmental responses from local, proliferating glia, and delayed malignant 
progression. 
Finally, we used our GEMM to explore the molecular mechanism which allow astrocytes 
to reenter the cell cycle. We used Sox2-GFP mice to establish that Sox2 was expressed in 
astrocytes outside of neurogenic niches in the adult brain. We used hGFAP-CreER;Sox2f;Sox2-
GFP mice to show that Sox2 deletion in astrocytes altered the process of wound healing, 
increasing the number of proliferative cells near the wound and lengthening the process of wound 
healing. We found that stable knockdown of Sox2 does influence the proliferation of tumorigenic 
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astrocytes immortalized with TRP mutations in vitro in a genotype dependent manner, however 
genetic ablation of Sox2 in our glioma GEMM does not influence tumor initiation in vivo. These 
results indicate that Sox2 is important for astrocyte proliferation in response to extrinsic 
pathological stimuli during wounding, however Sox2 expression is not essential for tumor initiation 
and growth. 
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Diffuse gliomas are the most common primary brain cancers and are characterized by 
extensive morphological, molecular, genomic, and biological heterogeneity. Diagnostic 
classification has traditionally been based on tumor cell morphology and prognosis: astrocytomas 
resemble astrocytes and are biologically aggressive, while oligodendrogliomas resemble 
oligodendrocytes and are more indolent. Histology grade has been used to further predict 
prognosis and guide care (9, 78). Low-grade gliomas (LGG, grade II) have a 10-15-year survival 
and lack the proliferation, angiogenesis, and necrosis present in high-grade gliomas (HGG). HGG 
include anaplastic gliomas (grade III) and glioblastoma (GBM, grade IV) and have prognoses of 
3-5 years and 12-15 months, respectively (9, 78). Recent genomics discoveries have provided an 
impetus to modify classification to include both morphological and genotypic features (9). Despite 
advances in classification, the failure of adjuvant therapies, inevitability of tumor recurrence, and 
dismal patient outcomes have continued to fuel research to define the sources of glioma 
heterogeneity. 
Two main sources have been proposed: initiating mutations and cellular origin (11). In the 
mutation model, different oncogenic mutations transform a single cell type to produce different 
tumor subtypes. Support for this model has come from The Cancer Genome Atlas (TCGA), which 
examined the genomic heterogeneity of primary GBM, LGG, and anaplastic gliomas (5, 10, 12, 
13, 79). TCGA and other groups have defined four transcriptome subtypes of primary GBM by 
comprehensive molecular profiling and found that select mutations correlated with transcriptome 
subtype (5, 7, 13). The most frequently mutated genes functioned in 3 “core GBM pathways” -
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G1/S cell cycle, receptor tyrosine kinase (RTK), and TP53 (5, 12, 13). TCGA and other groups 
have also defined 3-4 transcriptome subtypes of “lower grade gliomas” (including grade II and 
grade III, anaplastic gliomas) that were enriched for particular mutation profiles (10, 80, 81). 
In contrast, the cellular origin model proposes that tumor subtypes arise from 
transformation of different cell types by identical driver mutations. The mammalian brain is 
composed of multiple cell lineages with overlapping hierarchies. Cell distribution, as well as gene 
expression profiles, vary according to developmental stage and brain region (28). Preliminary 
support that the cellular origin model influences glioma pathogenesis comes from the finding that 
GBM subtypes mimic particular neural cell transcriptomes (5, 13). Genetically-engineered mouse 
(GEM) models have also been used to show that different neural cell types can be transformed 
to induce gliomas in vivo (14). We and others have used GEM to show that oncogenic mutations 
can transform astrocytes, the most common neural cell type (14, 18, 35, 82). Astrocyte location 
is programmed during development and remains static in adult life (43, 47). Importantly, 
astrocytes are biologically heterogeneous due to both region-specific and intra-regional 
microenvironmental influences (49, 83). We have found that transformation of different 
populations of astrocytes with identical driver mutations produces tumors with distinct natural 
histories, suggesting that intrinsic astrocyte heterogeneity contributes to glioma pathogenesis 
(82). 
GEM models are uniquely suited to address the genetic and cellular mechanisms of 
glioma pathogenesis because they allow temporal control of driver mutations at defined 
developmental time points and control of cellular origin. Despite the existence of numerous glioma 
GEM models, most studies have only examined the genomic profiles of tumors from terminally 
aged mice (14). The evolution of genomic profiles during the course of malignant progression has 
yet to be examined. In this report, we expanded on our previous work with a series of conditional, 
inducible GEM models in which the mitogen-activated protein kinase (MAPK) and/or 
phosphatidylinositol-3-kinase (PI3K) effector arms of RTK signaling are mutationally activated in 
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G1/S checkpoint-defective adult mouse astrocytes (32, 82). We use this model system here to 
examine the genetic requirements for tumorigenesis within G1/S and MAPK pathways and the 
genomics of tumor evolution during progression from low- to high-grade disease. 
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MATERIALS AND METHODS 
Genetically-engineered mice. Heterozygous TgGZT121 (T), KrasG12D (R), GFAP-CreER, PLP-
CreER, NG2-CreER, and Rosa26-tdTomato mice and homozygous Pten (P), p53, Rb1, and Nf1 
mice were maintained on C57/Bl6 background (>94%). PCR genotyping was performed as 
previously described (75, 82, 84). Recombination was induced with 1 mg of intraperitoneal 4-
hydroxytamoxifen for five consecutive days. Animal studies were approved by the UNC 
Institutional Animal Care and Use Committee. 
 
Histopathology. Diagnosis and grading was conducted using WHO criteria.(9) Tumor burden 
was quantified 2 months after induction using hematoxylin and eosin stained sections and digital 
image analysis (85). 
 
Genetic lineage tracing. Genetic lineage tracing and immunofluorescence staining was 
performed on mice sacrificed ~2-months after induction, as previously described (82). 
 
Microarray analyses. RNA from brains harvested 2 months after induction were hybridized to 
Agilent Whole Mouse Genome 4×44K microarrays (G4122F), while brains from terminally aged 
mice were hybridized to 4x44Kv2 (G4846A). Stratagene Universal Mouse Reference RNA 
(Agilent, #740100) was co-hybridized to each array. DNA was hybridized to Agilent Mouse 244A 
microarrays (G4415A) using a pooled DNA reference made from wild-type C57/Bl6 and 
phenotypically wild-type syngeneic littermates. All original raw microarray data are deposited in 
UNC Microarray Database (http://genome.unc.edu) and NCBI GEO (GSE49269). 
 
Bioinformatics. Microarray data was normalized using Lowess. Further analyses, including 
CombatR removal of batch effects, consensus clustering with ConsensusClusterPlus, and 
principal components analysis (PCA), significance analysis of microarrays (SAM), SigClust, 
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silhouette width, classification to nearest centroids (ClaNC), and single-sample gene set 
enrichement (ssGSEA) analyses were performed in R. SWITCHdna analyses were conducted in 
R using the current (GSE49269) and published datasets (GSE22927) (18). Neural lineage-
specific gene signatures were examined using GSE9566 (52). Mouse genes were converted to 
human orthologs using the Jax MGI database. Human lower-grade astrocytoma signatures were 
examined using GSE35158 (81). TCGA subtypes were predicted using murine orthologs of TCGA 
GBM ClaNC 840 classifier genes.12,25 High-grade TR(P) tumor subtypes were validated using 3 
similar datasets (GSE22927, GSE35917, and GSE29458) (18, 35, 86). Data from 236 human 
GBM (TCGA) with aCGH, sequencing, and mRNA and protein expression data were analyzed 
using the cBio Cancer Genomics Portal (87). ConsensusClusterPlus and gene set variation 
analysis (GSVA) analyses were conducted on the current dataset (GSE49269), orthotopic patient 
derived xenograft (PDX) models (GSE38814), and human glioblastomas (Level 3) from the TCGA 
data portal (https://tcga-data.nci.nih.gov/tcga/). 
 
Met expression in cultured T astrocytes. Cultured T astrocytes were infected with recombinant 
MSCV retroviral particles encoding Met (Addgene #17493). Receptor expression and proliferation 
were analyzed by immunoblot and CellTiter AQ (Promega) proliferation assays as previously 
described (75, 84). 
 
Magnetic Resonance Imaging. Pre- and post-gadolinium enhanced T1 and T2-weighted images 
of TRP+/- mouse brains were acquired at weekly intervals beginning 2-months after induction. 
Tumor volumes on T2 scans were calculated using MIPAV software. 
 
Supplement. Supplemental methods, figures, and tables can be found online. 
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RESULTS 
Core GBM pathway mutations induce regional variability in adult murine astrocyte-derived 
tumorigenesis 
We have shown that an N-terminal, 121 amino acid mutant SV40 large T antigen (T121, T) 
transgene expressed from the glial fibrillary acidic protein (GFAP) promoter ablates the G1/S 
checkpoint and immortalizes cultured murine astrocytes (75, 88). Cooperativity among activating 
mutations in the MAPK (KrasG12D, R) and PI3K (Pten deletion, P) pathways was required to induce 
GBM in a non-germline GEM (nGEM) orthotopic allograft model system (75, 84). To determine 
the effects of these mutations on adult astrocytes in situ, we developed germline GEM models 
with floxed T, R, and/or P oncogenic alleles. Mutation were induced in astrocytes via tamoxifen-
induced, GFAP-CreER-mediated recombination. We also showed that T, but not R, P, or RP, was 
sufficient to induce tumorigenesis and that R and/or P mutations potentiated progression of T-
driven high-grade gliomas (32). Lineage tracing showed that recombination occurred specifically 
in astrocytes and was extremely rare in microglia, oligodendrocyte precursor cells (OPC), and 
neurons (82). We used T(RP) GEM models here to examine the influence of driver mutations and 
cellular origin on gliomagenesis and how tumor genomic profiles evolve during progression (Fig 
S2.1). 
Histopathological evaluation of T(RP) tumors at 2 months suggested that mutations in 
multiple pathways influenced low-grade tumor burden (Fig S2.2, Table S2.1) (32). Low-grade 
tumors were evident in all T(RP) mice and small, high-grade tumors with elevated mitotic activity 
developed in a subset of TRP-/- mice (Fig 2.1A). To further explore whether progression had 
occurred in TRP+/- mice that exclusively developed low-grade tumors, we used tdTomato lineage 
tracing and Ki-67 immunostaining to detect cycling tumor cells (82). TRP+/- mutations increased 
tdTomato cell density at 2 months (Fig 2.1B) and produced classic glioma features, including 
perineuronal satellitosis (Fig 2.1C). Ki-67 staining revealed hypercellular foci with increased 
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proliferation relative to surrounding diffuse tumor (Fig 2.1D), suggesting that TRP+/- induces focal 
high-grade disease even at this early time point in their malignant evolution. 
Histopathology also demonstrated that T(RP) mutations induced regional differences in 
tumorigenesis (Fig S2.2). We next examined whether initiating genotype influenced regional 
growth patterns using a newly-developed histological and digital image analysis method to 
quantify regional cellularity (85). Compared to lineage tracing, use of hematoxylin and eosin 
(H&E)-stained sections was more straightforward and avoided complex breeding and confocal 
imaging. We validated this method by quantifying cellularity of histologically normal brains and 
controlling for variability along the sagittal sectioning axis (Fig S2.3A). We found that the 
cellularity of P, R, and RP brains was not significantly different than wild-type C57Bl/6 mice, a 
quantitative result consistent with their lack of tumor (Fig S2.3BC). Both initiating genotype (Fig 
2.1E) and brain region (Fig 2.1F) significantly affected tumor burden. These results suggest that 
the anatomic location of the cell of origin, as well as MAPK and/or PI3K pathway genotype, 
influences tumor development in G1/S-defective adult astrocytes. 
 
Lower-grade T(RP) glioma transcriptomes have signatures reflective of oncogenic drivers 
and astrocyte location 
We next examined the transcriptomes of gliomas harvested 2 months after induction from 
2 regions with the highest tumor burden across genotypes, olfactory bulb and forebrain. 
Unsupervised PCA showed separation of normal olfactory bulbs and forebrains, as well as low-
grade tumors in both regions (Fig 2.2A). Moreover, low-grade tumors with and without KrasG12D 
grouped separately in both locations; olfactory bulbs without tumor did not show a KrasG12D effect 
(Fig 2.2B). Consensus clustering confirmed the effects of KrasG12D status and brain region on 
tumor transcriptomes (Fig 2.S4). These findings demonstrate that T(RP) low-grade tumors have 
KrasG12D oncogenic driver- and astrocyte location-specific transcriptome signatures. 
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SAM was conducted to identify genes differentially expressed between low-grade tumors 
and normal brain, as well as low-grade tumors with and without KrasG12D (Table S2.2AB) (89). 
Gene ontology (GO) analyses of genes upregulated in tumor versus normal brains showed 
enrichment of proliferation, cell cycle, and mitosis-related processes (Table S2.3A). In contrast, 
genes upregulated in tumors with KrasG12D versus those without showed enrichment of immune 
and cell stress responses (Table S2.3B). To determine whether KrasG12D signature genes 
identified in mouse LGG (Table S2.3C) were differentially expressed among human gliomas, we 
assessed their enrichment in lower-grade (non-GBM) astrocytomas (81). The KrasG12D signature 
was manifest in the “pre-glioblastoma” (PG) subtype (Fig 2.2C). These patients had the shortest 
survival and their tumors consisted of more anaplastic (grade III) than diffuse (grade II) 
astrocytomas. Moreover, PG gliomas had genomic landscapes similar to GBM, including frequent 
EGFR amplification and CDKN2A and PTEN deletions (10, 81). Taken together, these data 
suggest that the molecular phenotype of rapidly-progressing, KrasG12D-driven murine LGG is 
similar to aggressive lower-grade human astrocytomas (32). 
GO analysis showed that low-grade T(RP) tumors harbored dysregulated G1/S and G2/M 
cell cycle checkpoint genes (Fig 2.2D, Table S2.3A). We therefore tested for aberrant G1/S 
signaling by p16 immunofluorescence. Unlike adult, age-matched wild-type mice that lack p16 
expression in astrocytes (Fig 2.2EF), TRP mutations induced p16 expression in transformed 
astrocytes (Fig 2.2G) (90). These findings are consistent with compensatory upregulation of G1/S 
checkpoint genes in TRP-induced low-grade tumors. 
 
Ablation of all Rb family members is required for astrocyte tumorigenesis 
We compared Rb1 loss to T121 and KrasG12D to Nf1 loss to determine if mutations within 
the same pathway could substitute for one another at tumor initiation. T(RP) mice were examined 
in all genotypic combinations and floxed Rb1 and Nf1 were substituted for T and R, respectively. 
Rb1 deletion failed to initiate tumorigenesis anywhere in the brain, in both the presence and 
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absence of Pten deletion (Fig 2.3A, Table S2.4B), a finding consistent with previous literature 
(18). Rb1;Pten co-deletion combined with either KrasG12D or Nf1 loss likewise showed no evidence 
of tumorigenesis. In contrast, all mice harboring T(RP) developed astrocytomas (32). T mice with 
either Nf1 or Nf1;Pten deletion(s) developed tumors (Fig 2.3A). Collectively, these results 
demonstrate that Rb1 loss is insufficient for tumorigenesis in adult astrocytes, even when 
combined with activating MAPK (KrasG12D or Nf1 deletion) and PI3K (Pten deletion) mutations. 
Rather, they suggest functional compensation among Rb family members occurs in these cells 
and that inhibition of all 3 Rb family proteins is required for astrocyte tumorigenesis. 
Further support for this hypothesis was evident in human GBM, where G1/S cell cycle 
checkpoint (RB pathway) mutations occur in 83% (Fig S2.5A). Importantly, while inactivating 
mutations and copy number losses were restricted to RB1, RB1 alterations trended towards co-
occurrence with reduced mRNA or protein expression in its pocket protein family members 
encoded by RBL1 or RBL2. This suggests functional compensation amongst RB proteins also 
occurs in human GBM and that downregulated expression of multiple RB family members is 
required to disrupt the G1/S checkpoint, particularly in the ~40% of GBM that lack the most 
common RB pathway mutation, CDKN2A/CDKN2B deletions. 
 
KrasG12D potentiates tumorigenesis 
We next compared KrasG12D with Nf1 deletion to determine whether different MAPK 
mutations contributed similarly to tumorigenesis. Kras is mutated in 2% and Nf1 is mutated in 
11% of human GBM (Fig S2.5B) (13). Each has previously been used in glioma GEM to model 
the downstream RAS-MAPK pathway activation elicited by more common alterations in upstream 
RTK genes (26, 32, 91). Moreover, we have recently shown that KrasG12D potentiates MAPK 
signaling, growth, migration, and invasion of G1/S-defective murine astrocytes in vitro and 
facilitates development of GBM when allografted into syngeneic mouse brains (75). We have also 
shown that KrasG12D induces progression to high-grade gliomas when targeted to G1/S-defective 
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murine astrocytes, but it remained unclear whether Nf1 deletion can functionally recapitulate its 
oncogenic effects in situ (32). 
As we previously described, KrasG12D alone or in combination with Pten deletion was 
insufficient for tumor initiation in adult astrocytes (32). We confirmed that these mice had normal 
brain architecture using histology and quantitative image analysis. Indeed, no increased cellularity 
was found in any brain region in R, P, and RP mice (Fig S2.3BC, Table S2.4B). We extended 
these findings and found that RP mutations were also insufficient for oligodendrocyte 
tumorigenesis in PLP-CreER mice (data not shown). This suggests that MAPK and/or PI3K 
mutations are insufficient to initiate tumorigenesis in multiple glial cell lineages in the adult brain, 
in the absence of concomitant Rb pathway disruption. 
Nf1 with or without Pten deletion was also unable to initiate tumorigenesis (Fig 2.3A, Table 
S2.4A). However, only KrasG12D, but not Nf1 deletion, increased progression to high-grade 
tumors. Previous work showed that Kras, but not other Ras isoforms, was activated upon Nf1 
deletion and that KrasG12D phenocopied Nf1 deletion in neonatal murine astrocytes in vitro and in 
vivo (92). Our work here shows that KrasG12D and Nf1 deletion fail to initiate tumorigenesis on their 
own, but only KrasG12D potentiates tumorigenesis in G1/S-defective adult astrocytes. 
 
KrasG12D tumors stochastically progress and acquire CNA 
We used a separate cohort of T(RP) mice to show that KrasG12D was critical for progression 
to anaplastic gliomas, while Pten deletion facilitated progression to GBM (32). To explore the 
genomics of malignant progression, we developed a new cohort of T(RP) mice here with similar 
tumor grades, survival, and histopathological features across all possible genotypes (Figs 2.3B, 
S2.6, Table S2.4B). The vast majority of T(P) mice developed low grade tumors (WHO grade II) 
but remained asymptomatic 9-18 months after induction. In contrast, TR(P) mice developed 
tumors that frequently progressed to lethal high grade disease. Survival of TR(P) mice was 
variable (Fig S2.6), suggesting that malignant progression occurred stochastically. We therefore 
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monitored progression in TRP+/- mice using serial contrast-enhanced magnetic resonance 
imaging (MRI). High-grade tumors were evident on T1 and T2 imaging and enhanced with 
gadolinium, facilitating use of contrast enhancement (Fig 2.3C) as a surrogate for histological 
progression. At 3-5 months after induction, all mice developed focal, enhancing high-grade tumors 
(Fig 2.3DEF) in addition to low-grade tumors undetected by MRI (Fig 2.3DEGH). High-grade 
tumor onset was variable; growth was relentless and ultimately proved uniformly fatal (Fig 2.3IJ). 
These findings suggest that low-grade TRP tumors stochastically progress into rapidly 
proliferating, lethal high-grade tumors. 
Copy number alterations (CNA) are a hallmark of human glioma (12, 13). We 
hypothesized that similar alterations could drive malignant progression in TR(P) mice. Therefore, 
we performed array comparative genomic hybridization (aCGH) on T(RP) tumors harvested 
before and after onset of malignant progression. The former was systematically harvested at 2 
months from T(RP) mice. The latter was harvested from neurologically asymptomatic T(P) mice 
after 9-18 months and TR(P) mice at neurological morbidity. 
Lower-grade tumors harvested at 2 months from both T(P) and TR(P) mice possessed 
minimal and infrequent CNA (Fig 2.4A). Furthermore, lower-grade tumors from T(P) mice 
contained few CNA even after 18 months (Fig 2.4B), suggesting that copy number abnormalities 
may be a consequence of KrasG12D-induced malignant progression. This hypothesis was 
supported by the fact that high-grade tumors from morbid TR(P) mice developed widespread 
CNA, including frequent gains of chromosomes 1 and 6 (Fig 2.4CDE). Similar CNA were evident 
in all 3 high-grade TR(P) tumor genotypes, but CNA were most frequent in TR and least frequent 
in TRP-/- tumors. Only 3 high-grade tumors (7%) had no CNA and all were from TRP-/- mice with 
short survival (1.9-2.1 months). These results suggest that most high-grade TR(P) tumors acquire 
CNA during malignant progression. 
Among the core GBM pathways, Ccnd2, Stat1, Met, Braf, Kras, Raf1, and Mdm4 genes 
were gained in >20% (Fig 2.4F). Clear associations with brain region were also evident for each 
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gene (Fig 2.S7E). Specifically, diencephalon and brain stem tumors consistently showed more 
CNA than cortex or olfactory bulb tumors, suggesting variable vulnerability to genomic instability 
based on location of the astrocyte cell of origin (Fig S2.7). Other notable, but less frequent CNA 
were gains of Egfr, Erbb2, Pdgfrb, and Pik3ca oncogenes and loss of Pten, Cdkn2a, and Trp53 
tumor suppressors (Table S2.5). Chromosomal gains are frequently associated with oncogene 
overexpression in gliomas, including CMET (93). We therefore tested whether c-Met 
overexpression would potentiate T astrocyte proliferation in vitro. Increased receptor expression 
and phosphorylation was noted (Fig 2.4G) and increased proliferation was evident (Fig 2.4H). 
These results suggest that astrocytes in different brain regions have different susceptibilities to 
CNA, the acquisition of which manifests as a growth advantage. 
 
Gene expression profiling identifies 3 high-grade tumor subtypes that correlate with 
astrocyte location 
Because TR(P) mice had variable survival and their high-grade tumors harbored diverse 
CNA, we hypothesized that these tumors would also harbor significant inter-tumor heterogeneity. 
We therefore compared the expression profiles of 43 terminal TR(P) high-grade tumors using 
microarrays (Table S2.6). Three subtypes were identified using unsupervised consensus 
clustering (Fig S2.8ABC). SigClust confirmed clusters were unique (data not shown) and 
silhouette width analysis identified 42 core high-grade tumor samples with expression profiles 
most representative of each subtype (Fig S2.8D). Subtype did not correlate with initiating 
oncogenic mutations (Table S2.6), a finding consistent with the lack of a Pten deletion-related 
effect in low-grade tumors transcriptomes (Fig 2.2AB). These results suggest that Pten deletion 
does not significantly contribute to transcriptome heterogeneity, either before or after malignant 
progression in this model system. Although initiating TR(P) genotype correlated with survival (Fig 
S2.6A), subtype did not (Fig S2.9A). Subtype also significantly correlated with brain region (Fig 
S2.9B). Subtype 1 (S1) tumors were primarily located in the brainstem (72%) and some grew as 
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exophytic masses in the fourth ventricle. S2 tumors were primarily located in the olfactory bulb 
(50%). S3 tumors were located in all brain regions. These results suggest that regional astrocyte 
heterogeneity gives rise to high-grade tumors with distinct transcriptomes. 
High-grade tumor transcriptomes were also distinct from their genotype-matched low-
grade tumor counterparts (Fig 2.5A). This finding confirms that, despite consistent tumor initiation 
from identical TR(P) mutations, progression is associated with significant transcriptome evolution. 
These results are consistent with the transcriptome differences between non-genotype-matched 
human low- and high-grade tumors and suggest that secondary mutations acquired during 
malignant progression significantly influence glioma transcriptomes (94-96). This notion contrasts 
with a recent description of a proneural GEM that maintained similar expression at early and 
terminal time points (97). 
 
Transcriptome subtypes of high-grade murine tumors phenocopy human GBM 
We created a 600-gene classifier that correctly predicted subtype with 0% cross validation 
and error rates (Fig 2.5B, Table S2.7). In order to further characterize these subtypes, we 
examined differentially expressed genes using SAM (Table S2.8) and defined their biological 
functions using GO analyses (Table S2.9) (89). Immune and cytokine response, NF-ĸB pathway, 
and extracellular matrix genes were significantly expressed in S1 tumors, suggesting that this 
subtype was similar to human mesenchymal GBM (5, 7). We therefore classified the human GBM 
subtype of individual murine high-grade tumors using the 840-gene TCGA classifier. Nearly all 
high-grade S1 tumors (94%) were classified as, and clustered with, mesenchymal GBM (Fig 
S2.9CE, Table S2.6). S1 tumors were also enriched in mesenchymal GBM (Fig S2.9D) and 
cultured murine astrocyte signatures (Fig 2.5C), similar to human mesenchymal GBM (5, 52). 
Cell cycle, proliferation, and metabolism genes were significantly expressed in S2 tumors. 
The majority (75%) were classified as, and clustered with, proneural GBM (Fig S2.9CE, Table 
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S2.6). S2 tumors also expressed proneural GBM (Fig S2.9D) and proliferation and murine 
oligodendrocyte precursor signatures (Fig 2.5C), similar to human proneural GBM (5, 52, 98). 
Genes highly expressed in S3 tumors were enriched in synaptic transmission and other 
neuronal processes. TCGA classifier predicted 65, 29, and 6% of S3 tumors as human neural, 
proneural, and mesenchymal GBM, respectively, and all were enriched in a murine neuronal 
signature (Figs 2.5C, S2.9CE, Table S2.6) (52). ssGSEA showed enrichment of primarily 
proneural and neural GBM signatures (Fig S2.9D). These results imply that the transcriptomes of 
S3 tumors are heterogeneous, but are most similar to human neural GBM. 
Seven TR(P) mice developed 2 distinct high-grade tumors in different brain regions; four 
had different S1-S3 subtypes (Table S2.6). Six pairs were analyzed by aCGH and none contained 
identical genomic copy number landscapes (Table S2.10). Together, these data suggest that 
CNA acquired stochastically during progression significantly contribute to high-grade tumor 
transcriptome heterogeneity. 
 
S1-S3 subtypes are present in other adult GEM models of high-grade gliomas 
S1-S3 subtypes were validated in an independent test set of transcriptome data compiled 
from 3 adult high-grade GEM tumor models with different initiating mutations and cellular origins 
(Table S2.11) (18, 35, 86). The 600-gene classifier showed similar expression in both the 
discovery (Fig 2.5B) and validation sets (Fig 2.5D). Furthermore, validation samples clustered by 
both predicted human GBM and mouse S1-S3 subtypes. Similar to the results with TR(P) tumors, 
S1, S2, and S3 tumors in the validation dataset were primarily predicted as human mesenchymal, 
proneural, and neural, respectively (Fig S2.9F, Table S2.11). One dataset contained normal brain 
samples and these clustered with S3 neural tumors. This finding recapitulates the clustering of 
human non-neoplastic brain with neural GBM (5). 
Consensus hierarchical clustering of high grade TR(P) tumors with human patient-derived 
xenografts (PDX) and human GBM (TCGA dataset) using 8916 overlapping genes confirmed the 
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heterogeneity of GEM tumors and identified closely matching human PDX and GBM counterparts 
in all four TCGA subtypes (Fig 2.6, Tables S2.12-13). This validation suggests that 1) high-grade 
tumor expression profiles are conserved across adult GEM models despite different oncogenic 
drivers, cellular origins, and methods of tumor initiation; and that 2) expression profiles are 
conserved in murine and human high-grade gliomas. 
 
Deletion of p53 affects the CNA landscapes of murine high-grade tumors upon malignant 
progression 
Because high-grade tumors from both TR(P) and Rb1/Pten/p53 triple KO models 
reproduce multiple human GBM subtypes, we compared their CNA landscapes (18). While 
Rb1/Pten/p53 KO tumors harbored CNA in all autosomes (Fig S2.10B), the chromosomal pattern 
was more restricted in TR(P) tumors (Fig S2.10A). The role of p53 in maintenance of genomic 
integrity is well established (99). We therefore hypothesized that p53 deletion contributed to the 
difference between genomic landscapes in these models. To test this hypothesis, we bred a 
floxed Trp53 allele into T(RP) mice. At 2-6 months after induction, all T(RP);p53+/- mice harbored 
low-grade tumors and 4/14 had progressed to high-grade disease (Table S2.14). Similar to T(RP) 
mice without p53 deletion (Fig 2.4A), low-grade T(RP);p53+/- tumors harvested 2 months after 
induction were largely devoid of CNA (Fig S2.10C). In contrast to T mice without KrasG12D, where 
low-grade tumors failed to progress (Fig S2.6A) and lacked CNA even after 18 months (Fig 2.4B), 
a T;p53+/- mouse developed GBM with widespread CNA by 11 months after induction, similar to 
Rb1/Pten/p53 triple KO tumors (Fig S2.10D). These data support the conclusion that 
heterozygous p53 deletion in adult astrocytes results in widespread genomic instability. 
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DISCUSSION 
Driver mutations and cellular origin have been proposed as the major sources of cancer 
genomic heterogeneity (11). We previously developed a series of germline GEM models where 
adult murine astrocytes were targeted with driver mutations that dysregulated the Rb (T), MAPK 
(R), and/or PI3K (P) pathways to induce gliomagenesis (32, 75, 82, 84, 88). This model system 
provided a unique opportunity to investigate both sources of tumor heterogeneity during the 
evolutionary process of malignant progression. 
The role of initiating mutations on glioma heterogeneity 
We previously showed that ablation of the Rb family of pocket proteins encoded by Rb1 
(pRb), Rbl1 (p107), and Rbl2 (p130) was sufficient for low-grade tumor initiation in adult 
astrocytes, but KrasG12D, Pten, or their combination was not. Rather, KrasG12D and Pten deletion 
cooperated in Rb-deficient astrocytes to potentiate progression to GBM (32). We extended these 
findings here and found that deletions of Rb1, Nf1, or Pten, as well as double and triple 
combinations of these mutations, were insufficient for tumorigenesis (Fig 2.3). We also found that 
Nf1 deletion was less potent than KrasG12D for tumor initiation and progression (Fig 2.3) and that 
Pten deletion drove progression of T-driven tumors when combined with KrasG12D. 
We found that initiating mutations influence LGG burden as well as progression to lethal 
anaplastic gliomas, including GBM (Fig S2.6). Indeed, simultaneous activation of MAPK and PI3K 
through KrasG12D and Pten deletion in T astrocytes produced increasingly dense LGG and these 
tumors progressed more quickly (Figs 2.1, S2.2). High-grade tumors showed contrast 
enhancement on MRI and their growth was extremely rapid and lethal (Fig 2.3). We have 
previously shown that TR(P) tumors spontaneously acquire Pten loss-of-heterozygosity and 
Trp53 missense mutations (32). We extend these findings here and show that they also acquire 
CNA during progression, the frequency of which correlated with initiating genotype (Fig 2.4). 
Finally, we find that the transcriptomes of TR(P)-induced tumors evolve during the course of 
progression from low- to high-grade disease (Fig 2.5). 
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G1/S checkpoint function is critical for cell growth regulation; thus, virtually all human GBM 
acquire RB pathway mutations (12, 13). The RB pathway is controlled by p16INK4A and p15INK4B 
(encoded by CDKN2A and CDKN2B) as well as the RB family of G1/S checkpoint proteins: RB1, 
p107, and p130 (encoded by RB1, RBL1, and RBL2). CDKN2A/CDKN2B deletions are the most 
frequent RB pathway mutations in human GBM (~50-60%). RB1 mutations are less frequent 
(~10%) (5, 12, 13). RBL1 and RBL2 are infrequently mutated in human gliomas, but we found 
that their decreased expression tends to co-occur with inactivating RB1 mutations in GBM that 
lack CDKN2A/CDKN2B deletions (Fig S2.5). Human GBM data were supported here through our 
direct comparison of the tumor initiating potential of different Rb pathway mutations. Specifically, 
Rb1 deletion alone could not substitute for T121 or combine with KrasG12D to initiate tumorigenesis 
(Fig 2.3). These results suggest that p107 and/or p130 functionally compensate for Rb1 loss in 
adult murine astrocytes and possibly in human GBM. Similar results have been found in other cell 
types, as Rb1-deleted mouse embryonic fibroblasts and stem cells require p107 and p130 to 
avoid senescence, proliferate, and maintain pluripotency (100). 
In addition to affecting tumorigenesis, initiating mutations – KrasG12D but not Pten deletion 
– were also reflected in LGG expression profiles (Fig 2.2). Distinct transcriptome profiles (Fig 2.5) 
were evident in low-grade, Kras mutant tumors that were destined to progress to GBM [TR(P)] 
versus tumors that did not progress [T(P)] (Fig 2.3). The former tumors also had transcriptome 
signatures similar to the IDH wild-type, PG subtype of lower-grade human gliomas that feature 
activating RTK mutations (e.g. EGFR) and poor prognosis (10, 79-81). These findings are 
consistent with recent genetic studies of human gliomas suggesting that activating RTK and 
MAPK mutations drive malignant progression, while PI3K pathway mutations are a consequence 
of this process (101). One notable difference between TR(P) and human LGG is the extent of 
genomic instability (81). Whereas the former have relatively quiescent genomes, regardless of 
initiating genotype or tumor latency, human IDH wild-type lower-grade gliomas have more 
widespread copy number alterations, similar to GBM (10, 80, 81). This difference may be 
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attributable to species differences or the relative paucity of anaplastic, grade III gliomas present 
in our GEM tumors harvested 2 months after induction. 
 
Influence of cellular origin on glioma heterogeneity 
We also explored the impact of cellular origin on tumorigenesis, focusing on the inherent 
regional heterogeneity of astrocytes. We previously used lineage tracing to show that TRP 
mutations induce rapid proliferation of adult GFAP+ astrocytes throughout the brain and low-grade 
tumor growth over time (82). We expanded these findings here using a routine H&E-stained 
sections and digital morphometry to measure relative tumor burden at a single time point (85). 
We found that both initiating genotype and brain region influence low-grade tumor burden (Fig 
2.1). Genomic analyses showed that low-grade tumors retained transcriptome signatures (Fig 
2.2), and high-grade tumors acquired CNA (Fig S2.7), associated with their regional origin. 
Marked genomic heterogeneity was evident in high-grade TR(P) tumors (Fig S2.9). Three 
subtypes discovered in these mice were also present in an independent cohort of high-grade 
GEM tumors driven by diverse driver mutations and cellular origins (Fig 2.5). Finally, high-grade 
tumor subtype correlated with regional origin, suggesting that transcriptome heterogeneity may 
arise in part from regional differences in astrocyte biology (Fig S2.9). 
Human gliomas have been subtyped based on their transcriptomes in order to realize the 
potential of personalized medicine (5, 7, 10, 13, 79, 102, 103). GEM have been essential in 
defining the role of cellular origin in subtype specificity of other cancer types, but their use for 
glioma subtypes has been complicated by variability in model systems and driver mutations (14). 
Previous human studies have provided evidence that specific mutations are subtype defining in 
GBM: PDGFRA and EGFR amplifications are characteristic of proneural and classical GBM, while 
NF1 loss is characteristic of mesenchymal GBM (5). Data from GEM models support these 
correlations: PDGF drives proneural tumorigenesis when targeted to OPC, while Nf1 deletion 
induces mesenchymal differentiation (86, 104). However, the link between Nf1 deletion and 
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mesenchymal GBM has been inconsistent: Nf1 and Trp53 deletion induced proneural GBM in 
embryonic mouse NSC, as well as adult OPC (22, 38). The Egfr mutation, classical GBM 
relationship remains to be explored experimentally. 
In contrast, we and others have shown that GEM models targeting adult astrocytes with 
defined sets of mutations, including TR(P) and Trp53/Pten±Rb1, produce tumors from all 4 human 
GBM subtypes (18, 32). We used our large transcriptome dataset to define 3 subtypes of high-
grade TR(P) tumors that were evident in a validation dataset composed of adult glioma models 
with diverse oncogenic mutations and cellular origins (Fig 2.5). Further, we previously used GEM 
to show that regional astrocyte heterogeneity influences glioma tumorigenesis (82). This suggests 
that spatial astrocyte allocation and regional heterogeneity may account for tumor transcriptomes 
that are independent of driver mutations (47, 83). We have extended these findings here to show 
regional differences in tumor CNA (Fig S2.7). Taken together, these data suggest that factors 
other than initiating mutations, such as cellular origin and spontaneous, progression-associated 
mutations can promote tumor transcriptome diversity. 
Proneural GBM arises from mutations directly targeting OPC in GEM and our validation 
set includes data from one such model.58,65 Proneural GBM have also been produced by virally 
infecting NSC to overexpress PDGF, indirectly targeting PDGFRα+ OPC, and by targeting 
Trp53;Nf1 deletions to embryonic NSC (38). A subset of our TR(P) HGG had proneural GBM 
transcriptomes (S2), frequently occurred in the olfactory bulb, were enriched in an OPC 
transcriptome signature, and express OPC markers such as PDGFRα (data not shown). 
The GFAP promoter present in our adult GEM is not active in the oligodendroglial lineage, 
as tdTomato lineage tracing shows no co-localization with NG2, PDGFRα, O4, or CNPase (data 
not shown) (82). Rather, it targets ~60% of astrocytes throughout the brain, as well as 
subventricular NSC. Thus, OFB tumors could arise from either OFB astrocytes or NSC progeny 
that migrate from SVZ. We previously showed that stereotactic injection of an astrocyte-specific, 
Ad-GFAPCre into the OFB of TRP;tdTomato mice induces only OFB tumors; viral injection into 
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the SVZ induces tumors only in the SVZ and adjacent diencephalon (82). Taken together, these 
data suggest that OFB TRP tumors harbor an S2, proneural-like transcriptome due to induction 
of an OPC-like transcriptional program specifically in local astrocytes. Additional site specific 
induction experiments followed by transcriptomal analysis will shed light on this issue. 
A transcriptome shift between proneural and mesenchymal subtypes has been 
demonstrated in response to Nf1 loss or radiation therapy (7, 84, 104). We found that S1, 
mesenchymal-like, TR(P) tumors often arose in the brainstem and expressed signatures of 
cultured astrocytes (Fig 2.5). Like TR(P), mesenchymal tumors primarily developed in the 
brainstem of GEM in which Trp53;Pten deletions were targeted to adult astrocytes (Fig S2.9) (18). 
Mesenchymal gliomas have also been induced in astrocytes with Trp53 plus Hras or Nf1 
mutations (35, 105). Taken together, these data suggest that regional astrocyte heterogeneity 
may be an important determinant in the development of high-grade mesenchymal gliomas as 
well. 
Lastly, we described S3, neural-like high-grade tumors that occurred throughout the brain. 
These tumors had heterogeneous transcriptomes enriched for neuron signatures. These tumors 
maintained expression of astrocytic markers, but individual S3 high-grade tumors also highly 
expressed OPC, astrocyte, and oligodendrocyte signatures, suggesting that these tumors 
acquired divergent differentiation programs upon transformation (Fig 2.5). Similar transcriptome 
heterogeneity was evident in neural-like gliomas induced by Trp53 plus Hras mutations in 
hippocampal NSC (35). 
Determining how cellular origin, driver mutations, acquired genomic changes, and regional 
brain microenvironments contribute to high-grade glioma transcriptome heterogeneity has proven 
difficult, given the wide variety of model systems used. Our current study builds on previous GEM 
genomic analyses to suggest that there can be multiple cellular origins for GBM (Fig 2.5). S1-S3 
GFAP-Cre TR(P) high-grade tumors cover the transcriptome diversity present in previous high-
grade tumor GEM (Fig 2.5) and suggest that while initiating oncogenic drivers and/or acquired 
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CNA contribute to genome-wide transcriptome profiles (Fig 2.4), the cell of origin, brain region, 
as well as factors such as the regional microenvironment can play a prominent role in resulting 
tumor heterogeneity.  
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Figure 1.1. Initiating mutations and brain region influence tumorigenesis at 2-months. All 
T(RP) mice harbored low grade gliomas (blue). A subset (25%) of TRP-/- mice had progressed to 
high grade (red) (A).   Lineage tracing in TRP+/- mice (B) showed tdTomato (red) tumor cells in 
the cortex (CTX), diencephalon (DI), brainstem (BS), and olfactory bulb (OFB). tdTomato+ tumor 
cells developed perineuronal satellitoses around NeuN+ (green) neurons (C). Hypercellular, 
hyper-proliferative [Ki-67+ (green)] tumor foci were present in each region (D). Morphometric 
analyses showed that both initiating mutations and brain region affected tumor burden (two-way 
ANOVA P<0.002). Regional differences were evident between T-TP-/- mice (one-way ANOVA 
P=0.002), but not TP-TR or TR-TRP (P>0.11) (EF).   Scale bars 50 (B), 10 (C), and 100 µm (D). 
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Figure 1.2. Low-grade murine glioma transcriptomes show driver- and brain region-
associated signatures enriched in aggressive lower-grade human gliomas. Principal 
component analysis (PCA) showed that normal (black) and tumor (red, blue) olfactory bulbs 
(OFB) and forebrains (FB) have distinct transcriptomes (A). Transcriptomes of OFB and CTX 
tumors with (red) and without (blue) KrasG12D were also distinct. Although OFB transcriptomes 
from histologically normal mice with (black with red outlines) and without (black) KrasG12D were 
indistinguishable, the transcriptomes of low-grade OFB tumors with KrasG12D (red) were distinct 
from those without (blue) (B). A KrasG12D-related gene signature derived from OFB tumors was 
enriched in pre-glioblastoma (PG), but not neuroblastic (NB) or early progenitor-like (EPL) 
subtypes of human lower grade astrocytomas (C). mRNA expression (Log2 median-centered) of 
G1/S and G2/M cell cycle checkpoint genes was dysregulated in OFB tumors compared to 
histologically normal OFB (D). p16 was expressed in neuron-specific enolase (NSE)-positive 
cortical neurons, but not Gfap- or tdTomato-positive cortical astrocytes in adult wild-type, C57Bl/6 
(E) and GFAP-CreER;Rosa26-tdTomato (F) mice, respectively. In contrast, p16 was expressed 
in TRP-transformed Gfap/tdTomato-positive cortical astrocytes from age-matched TRP;GFAP-
CreER;Rosa26-tdTomato mice (G). Scale bar 10 µm. 
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Figure 1.3. KrasG12D and Nf1 loss potentiate tumorigenesis and low grade gliomas 
stochastically progress to rapidly proliferative, lethal high grade glioma. Among Rb pathway 
mutations, Rb1 loss (RbDEL) alone failed to initiate low-grade tumors in adult GFAP+ astrocytes at 
2 months post-induction, even in the presence of activating MAPK or PI3K mutations. Rather, 
ablation of all three Rb family members, pRb, p107, p130, using a single GFAP-driven T121 
transgene [T] was required. The activating MAPK pathway mutations KrasG12D [R] and Nf1DEL 
alone failed to initiate tumors. Both cooperated with T, but not Rb1DEL, to drive tumorigenesis. The 
activating PI3K pathway mutation PtenDEL [P] alone also failed to initiate tumorigenesis, but drove 
progression when combined with T and R, but not Nf1DEL. Histopathological examination of brains 
from terminally-aged mice (B) showed that 0-7% of T, TP+/-, and TP-/- mice harbored high-grade 
tumors (all WHO grade III). In contrast, 71-76% of TR, TRP+/-, and TRP-/- mice harbored high-
grade tumors [Chi-squared P≤0.001, TR(P)b vs. T(P)].   GBM developed in 35, 54, and 62% of 
TR, TRP+/-, and TRP-/- mice (Chi-squared P=0.065, TRP-/- vs. TR). Gadolinium contrast enhancing 
(C), high-grade (D), T121-positive tumors (E) developed focally in the context of widespread low-
grade tumors (D, F, H). A representative GBM with microvascular proliferation (G) from a TRP+/- 
mouse is shown (C-H). Quantification of serial T2-weighted magnetic resonance images showed 
logarithmic increases in high-grade tumor volume in 9 TRP+/- mice with mean doubling of 3±1 
days (I). Median time to first appearance of high-grade tumors, median survival, and mean time 
to death after appearance of high-grade tumors was 119±7 (range 84-154), 122±2, and 14±3 
days, respectively (J). 
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Figure 1.4. Initiating mutations influence CNA acquisition during malignant progression of 
high-grade TR(P) gliomas. Frequency plot of aCGH data showed minimal acquisition of copy-
number abnormalities (CNA) in T(P) and TR(P) lower-grade tumors at 2 months after induction 
(A). However, terminal low-grade tumors (> 1 year survival) rarely acquired CNA (B). All TR high-
grade tumors (C) showed gains of chromosome 6, but only 64-72% TRP+/- high-grade tumors (D) 
show similar gains (Fisher P=0.15). Half of TR, but only 16-20% of TRP+/- high-grade tumors 
showed chromosome 1 gains (Fisher P=0.17). TRP-/- high-grade tumors (E) acquired the least 
CNA and had the lowest frequency (13-25%) of chromosome 6 gains (Fisher P≤0.04). Initiating 
mutations (F) significantly influenced the development of CNA in recurrently altered (>20% of 
samples, Table S3) Rb, RTK/MAPK/PI3K, and p53 pathway genes (Fisher’s P≤0.16). To test 
whether c-Met increased astrocyte proliferation, we transfected T astrocytes with lentiviral vectors 
encoding Met and found increased receptor expression and phosphorylation (p-Met) by 
immunoblot (G). Met significantly increased T astrocyte proliferation by MTS assay in vitro (H). 
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Figure 1.5. High-grade murine glioma transcriptomes are heterogeneous and reminiscent 
of distinct neural cell types. PCA shows that low- and high-grade tumor transcriptomes were 
distinct. Separation of low-grade tumors from OFB and forebrain (FB), low-grade tumors with and 
without KrasG12D (Fig. 1.1), and S1-S3 high-grade tumor subtypes (Figs. S1.7) were preserved 
when low- and high-grade glioma transcriptome datasets were combined (A). Hierarchical 
clustering of high-grade TR(P) gliomas showed transcriptomal heterogeneity, with 3 subtypes 
defined by a 600-gene classifier (200 per subtype, Table S1.5) (B). ssGSEA of TR(P) gliomas 
showed enrichment of distinct neural cell lineage signatures (C). Cultured astrocyte, 
oligodendrocyte precursor cell (OPC), and neuron signatures were enriched in high-grade S1, 
S2, and S3 tumors and mesenchymal, proneural, and neural human GBM subtypes, respectively. 
Hierarchical clustering of an independent test set composed of 3 adult high-grade glioma GEM 
models with different initiating mutations showed that the 600-gene classifier accurately clustered 
samples according to their predicted S1-S3 subtypes (D).  
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Figure 1.6. High-grade murine gliomas are genomically heterogeneous and mimic human 
PDX and GBM subtypes. Consensus hierarchical clustering of high grade TR(P) gliomas with 
human patient-derived xenografts (PDX) and GBM (TCGA dataset) using 8916 overlapping genes 
identified five clusters. Sample annotation tracks include ClusterID (top), tumor type - GEM, PDX, 
GBM (middle), and TCGA subtype for human GBM (bottom). Silhouette widths for each sample 
are shown below. 
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Figure S1.1. Experimental Outline. An experimental map shows the timepoints after tamoxifen 
induction, the genotype of mice used, the pathology of the tumor at these timepoints, and the 
figures referencing each experimental timepoint. 
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Figure S1.2. Initiating mutations influence low-grade tumor burden. Representative H&E (A-
E, K-O) and T121 immunohistochemistry (F-J, P-T) images of wild-type (WT), T, TP, TR, and TRP 
mice shows tumor throughout the brain at 2 months after induction. T and TP mice had similar 
low-grade tumor burden (see Fig. 1AB). In contrast, TR and TRP mice had higher burden of low-
grade disease and had developed hypercellular foci of higher grade tumor (Fig. 1ABEF) at this 
time. Scale bars 1 mm (A-J) and 20 µm (K-T). 
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Figure S1.3. Morphometric analysis of nuclear density in phenotypically wild-type mice. 
Distance from sagittal midline affected nuclear density only in the OFB (A, N=3 wild-type C57Bl/6 
mice). Thus, nuclear density in all 4 brain regions was only obtained on sections 200-300 µm from 
midline. Adult wild-type C57Bl/6, as well as floxed P, R, and RP mice (N=5 per genotype) 
sacrificed at 2 months after induction showed no evidence of tumorigenesis and were thus 
phenotypically wild-type (B). No differences in cortex (CTX), diencephalon (DI), brainstem (BS), 
or olfactory bulb (OFB) nuclear densities were evident across these genotypes (one-way ANOVA 
P≥0.34), but nuclear density in the OFB was significantly greater than the other 3 brain regions 
(C, two-way ANOVA P<0.0001). 
  
 42  
 
Figure S1.4. Lower-grade glioma transcriptomes cluster according to initiating mutations 
and brain region.   Consensus hierarchical clustering of olfactory bulb (OFB) and forebrain (FB) 
lower-grade glioma transcriptomes (Fig. 1.3A, Table S1.1) with the 5000 most variable genes 
identified four clusters (A) composed largely of normal or tumor FB (cluster 1), low-grade OFB 
tumors with KrasG12D (cluster 2), OFB tumors without KrasG12D (cluster 3), and normal OFB (cluster 
4). Consensus hierarchical clustering of only FB tumor transcriptomes (Fig. 1.3A, Table S1.1) 
showed 3 clusters (B) consisting of tumors with KrasG12D (cluster 1), normal FB (cluster 2), and 
tumors without KrasG12D (cluster 3), confirming that the influence of KrasG12D on lower-grade tumor 
transcriptomes was independent of brain region. 
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Figure S1.5. RB, RTK, MAPK, and PI3K pathway genes are frequently altered in human 
GBM. mRNA expression, copy number, and sequencing data from 291 GBM analyzed by TCGA 
were obtained from the cBio Portal for Cancer Genomics (3). Eighty three percent (N=241) 
harbored one or more significant RB pathway gene alterations. RB1 alterations trended towards 
co-occurrence with alterations in its pocket protein family members, RBL1 or RBL2 (P=0.097 and 
P=0.074, respectively) (A). Sixty two percent (N=180) harbored one or more significant RTK 
pathway gene alterations (B). Thirteen percent (N=38) harbored one or more significant MAPK 
pathway gene alterations. Forty nine percent (N=144) harbored one or more significant PI3K 
pathway gene alterations. 
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Figure S1.6. KrasG12D facilitates malignant progression to high grade glioma.   TR, TRP+/-, 
and TRP-/- mice developed neurological morbidity and showed significantly decreased median 
survivals of 4.5, 4.0, and 2.8 months, respectively (Log-rank P < 0.009 for all pairwise 
comparisons). In contrast, T, TP+/-, and TP-/- mice were neurologically asymptomatic when 
sacrificed 7-15 months after induction, similar to previously reported data (A) (23). H&E (B-EF, I-
M) and T121 immunohistochemistry (F-I, N-Q) showed low-grade tumors throughout the brain in a 
neurologically asymptomatic T mouse sacrificed 13 months after induction (B, F, J, N).   In 
contrast, multiple high-grade tumor (WHO grade III) foci were evident throughout the brains of 
symptomatic TR (C, G, K, O) and TRP-/- (D, H, L, P) mice. A second symptomatic TRP-/- mouse 
(E, I, M, Q) developed a diencephalic GBM with central hemorrhage and necrosis (indicated by 
*). Scale bars 1 mm (B-I) and 20 µm (J-Q). 
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Figure S1.7. Astrocyte location influences CNA acquired upon malignant progression in 
TR(P) high-grade tumors. Frequency plots of aCGH data showed that high-grade tumors 
developed copy number mutations that correlated with brain region in terminally-aged TRP+/- mice 
(A-D). Astrocyte location significantly influenced the development of CNA in frequently altered 
G1/S, RTK/MAPK, and TP53 pathway genes (E). 
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Figure S1.8. High-grade TR(P) glioma transcriptomes are heterogeneous and consist of 
three subtypes. Consensus clustering was performed using either 2000 or 5000 genes with 
highest median absolute deviation for k=3-6 (A). The bimodal distribution at 0 and 1 in the 
consensus index indicated well-defined subtypes (B). Consensus clustering reached a local 
maximum at 6 clusters (C), but 3 contained ≤2 tumors (A, bottom right). Positive silhouette widths 
identified 42 of 43 tumors as core subtype members (D). One sample with negative silhouette 
width was excluded from subsequent analyses (Table S2.4). 
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Figure S1.9. High-grade TR(P) glioma transcriptome subtypes correlate with brain region 
and human GBM subtype, but do not influence survival. In contrast to initiating mutations 
(Fig. S5B), high-grade glioma subtype did not influence survival (A, Log-rank P=0.4). S1 and S2 
subtypes were predominantly located in the brainstem (BS) and olfactory bulb (OFB), respectively 
(B, Fisher P=0.004). S1-S3 subtype correlated with human TCGA GBM subtype (C, Fisher P=2.2 
x 10-12). Similar S1-S3 and TCGA GBM subtype associations were evident in the GEM high-grade 
tumor test set (D). S3 tumors were found in BS, OFB, cortex (CTX) and diencephalon (DI). High-
grade TR(P) tumors (black bars) and human GBM (colored subtypes) expressed TCGA GBM 
840-gene classifier similarly and high-grade mouse tumors grouped according to their predicted 
TCGA subtype by hierarchical clustering (E). ssGSEA showed enrichment of mesenchymal, 
proneural, and neural/ proneural TCGA subtype signatures in high-grade S1, S2, and S3 TR(P) 
tumors, respectively (F). 
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Figure S1.10. Copy number landscapes of GEM high-grade tumor models with and without 
p53 deletion are distinct. Frequency plots of aCGH data from 41 TR(P) high-grade tumors 
showed frequent CNA only on chromosomes 1 and 6 (A). In contrast, 21 Rb1/Pten/p53 triple KO 
high-grade tumors (GSE22927) showed frequent CNA across the genome (B) [5], suggesting that 
p53 deletion in Rb1;Pten-deleted murine astrocytes significantly affected the spectrum of CNA 
acquired during malignant progression. Frequency plot of aCGH data from 10 astrocytomas from 
7 T(RP) mice with heterozygous p53 deletion showed minimal CNA at ~2 months after induction 
(C). GBM harvested from a terminally-aged, neurologically symptomatic T;Trp53+/- mouse showed 
a pattern of gains and losses more similar to Rb1/Pten/p53 triple KO (A) than TR(P) high-grade 
tumors (B), suggesting that p53 deletion induces widespread genomic instability and variable 
CNA landscapes during malignant progression (D). 
 
  




Table S2.1. TRP LGG cohort: Mice sacrificed at 2 months after induction 


















2.2, 2.5A, S2.4) 
207979 TP-/- No Yes M 61 67 Normal     
207967 TRP-/- No Yes F 61 67 Normal   
221182 P+/- Yes No M 100 66 Normal   FB 
223979 R Yes No F 127 74 Normal  OFB 
217861 TP+/- Yes No F 119 65 Normal   OFB, FB 
220435 TRP-/- Yes No M 111 66 Normal  OFB 
221699 TRP-/- Yes No M 90 66 Normal   OFB, FB 
219892 P-/- Yes Yes F 98 64 Normal S3 OFB 
219921 P-/- Yes Yes M 101 64 Normal S3 OFB 
220057 P-/- Yes Yes F 95 64 Normal S3 OFB 
221927 P-/- Yes Yes M 116 63 Normal S3 OFB 
221928 P-/- Yes Yes M 116 63 Normal S3 OFB 
214254 P+/- Yes Yes F 63 70 Normal S3 OFB 
217463 P+/- Yes Yes F 99 66 Normal S3 OFB 
217871 P+/- Yes Yes M 92 66 Normal S3 OFB, FB 
219899 P+/- Yes Yes M 98 64 Normal S3  
220724 P+/- Yes Yes F 107 66 Normal S3 OFB 
217708 R Yes Yes M 94 66 Normal S3  
219670 R Yes Yes M 98 65 Normal S3 OFB 
220060 R Yes Yes M 95 64 Normal S3  




225561 R Yes Yes F 87 74 Normal S3 OFB 
225567 R Yes Yes F 87 74 Normal S3  
215214 RP-/- Yes Yes F 101 59 Normal S3 OFB, FB 
219159 RP-/- Yes Yes F 104 65 Normal S3 OFB 
219898 RP-/- Yes Yes M 98 64 Normal S3 OFB 
219918 RP-/- Yes Yes M 101 64 Normal S3 OFB 
220062 RP-/- Yes Yes M 98 45 Normal S3 OFB 
207970 RP+/- Yes Yes F 61 67 Normal S3  
214987 RP+/- Yes Yes M 104 59 Normal S3 OFB 
215216 RP+/- Yes Yes M 101 59 Normal S3 OFB, FB 
220061 RP+/- Yes Yes M 95 64 Normal S3 OFB 
221181 RP+/- Yes Yes M 100 66 Normal S3 OFB 
217872 T Yes Yes M 92 66 A2 1EF   
219147 T Yes Yes F 104 65 A2 1EF OFB, FB 
220727 T Yes Yes F 107 66 A2 1EF OFB, FB 
221184 T Yes Yes M 100 66 A2 1EF OFB, FB 
221940 T Yes Yes M 114 63 A2 1EF OFB, FB 
217857 TP-/- Yes Yes F 91 66 A2 1EF OFB 
219594 TP-/- Yes Yes F 98 65 A2 1EF OFB 
219595 TP-/- Yes Yes M 98 65 A2 1EF OFB 
219699 TP-/- Yes Yes M 98 65 A2 1EF OFB 
221180 TP-/- Yes Yes M 100 66 A2 1EF OFB 
215217 TP+/- Yes Yes M 101 59 A2   OFB, FB 
216188 TP+/- Yes Yes F 85 59 A2  OFB, FB 
219438 TP+/- Yes Yes F 97 65 A2   OFB 
219591 TP+/- Yes Yes M 98 65 A2  OFB 
219973 TP+/- Yes Yes M 101 64 A2   OFB, FB 




246036 TP+/- Yes Yes F 98 63 A2   
214252 TR Yes Yes F 63 70 A2 1EF OFB 
222912 TR Yes Yes M 147 74 A2 1EF FB 
225569 TR Yes Yes F 87 74 A2 1EF FB 
225800 TR Yes Yes M 82 74 A2 1EF  
245121 TR Yes Yes M 134 60 A2 1EF   
245308 TR Yes Yes F 129 60 A2   
245310 TR Yes Yes F 129 60 A2 1EF   
215534 TRP-/- Yes Yes M 96 59 A2 1EF OFB, FB 
215697 TRP-/- Yes Yes M 94 59 A2 1EF OFB, FB 
216103 TRP-/- Yes Yes M 89 59 A2  FB 
216498 TRP-/- Yes Yes F 84 44 A2   OFB 
243054 TRP-/- Yes Yes M 129 63 A2  OFB, FB 
246037 TRP-/- Yes Yes M 98 63 A2     
214253 TRP-/- Yes Yes F 63 70 A3 1EF OFB, FB 
245665 TRP-/- Yes Yes M 106 60 A3     
214828 TRP+/- Yes Yes F 133 66 A2  OFB, FB 
216175 TRP+/- Yes Yes F 114 66 A2   OFB, FB 
217494 TRP+/- Yes Yes M 99 66 A2  OFB, FB 
217703 TRP+/- Yes Yes F 87 73 A2     
217706 TRP+/- Yes Yes F 87 73 A2  OFB 
219439 TRP+/- Yes Yes F 97 65 A2   OFB, FB 
219596 TRP+/- Yes Yes F 70 66 A2  OFB, FB 
219695 TRP+/- Yes Yes F 98 65 A2   OFB, FB 
219913 TRP+/- Yes Yes F 101 64 A2   OFB 
 
Summary 




GFAP-CreER 4OHT induction Genotype Diagnosis 
Transcriptome Total 




  1 





 1 1 
R 1  1 
TP+/- 1 1 1 




4 1 5 
P-/- 5  5 
R 2  5 
RP+/- 4 1 5 
RP-/- 5 1 5 
T 
A2 
4 4 5 
TP+/- 5 3 6 
TP-/- 5  5 
TR 1 2 7 
TRP+/- 8 6 9 
TRP-/- 
A2 4 4 6 
A3 1 1 2 
Total 52 26 72 
       
  Mean SD Min Max 
 
Age at induction (days) 98.3 17.2 61 147  
Post-induction survival (days) 64.7 5.3 44 74  
       





Table S2.2. One versus rest SAM analysis of TRP LGG transcriptomes at 2 months after induction 
 
  

































































































































Table S2.2B. One versus rest SAM analysis of T(RP) LGG transcriptomes at 2 months after induction 
 


































































































































































































































































































































































































































Table S2.3A. Enriched GO terms from LGG SAM analyses (FDR cutoff 0.0001) 





LGG versus normal 
brain 
GO:002240
2 cell cycle process 
1.52E-
54 1.40E-50 
LGG versus normal 
brain 
GO:190304
7 mitotic cell cycle process 
7.61E-
48 3.50E-44 
LGG versus normal 
brain 
GO:000704
9 cell cycle 
2.42E-
47 7.42E-44 
LGG versus normal 
brain 
GO:004828
5 organelle fission 
1.20E-
38 2.76E-35 
LGG versus normal 
brain 
GO:000028
0 nuclear division 
6.25E-
38 1.15E-34 
LGG versus normal 
brain 
GO:000706
7 mitotic nuclear division 
7.74E-
34 1.19E-30 
LGG versus normal 
brain 
GO:005130
1 cell division 
6.18E-
33 8.11E-30 
LGG versus normal 
brain 
GO:000625
9 DNA metabolic process 
6.01E-
22 6.90E-19 
LGG versus normal 
brain 
GO:005172
6 regulation of cell cycle 
1.15E-
20 1.18E-17 
LGG versus normal 
brain 
GO:000705
9 chromosome segregation 
1.01E-
18 9.29E-16 
LGG versus normal 
brain 
GO:190258
9 single-organism organelle organization 
1.84E-
18 1.54E-15 
LGG versus normal 
brain 
GO:000699
6 organelle organization 
5.33E-
17 4.08E-14 
LGG versus normal 
brain 
GO:001056
4 regulation of cell cycle process 
9.93E-
17 7.02E-14 
LGG versus normal 
brain 
GO:000626
0 DNA replication 
2.51E-
16 1.65E-13 
LGG versus normal 
brain 
GO:001604
3 cellular component organization 
3.88E-
16 2.38E-13 
LGG versus normal 
brain 
GO:007184
0 cellular component organization or biogenesis 
1.46E-
15 8.37E-13 





LGG versus normal 
brain 
GO:005130
2 regulation of cell division 
1.32E-
14 7.11E-12 
LGG versus normal 
brain 
GO:004476
3 single-organism cellular process 
1.79E-
12 9.16E-10 
LGG versus normal 
brain 
GO:000701
7 microtubule-based process 
4.14E-
12 2.00E-09 
LGG versus normal 
brain 
GO:000697
4 cellular response to DNA damage stimulus 
4.19E-
12 1.93E-09 
LGG versus normal 
brain 
GO:000628
1 DNA repair 
6.61E-
12 2.89E-09 
LGG versus normal 
brain 
GO:000734
6 regulation of mitotic cell cycle 
8.78E-
12 3.67E-09 
LGG versus normal 
brain 
GO:005127
6 chromosome organization 
1.09E-
11 4.37E-09 
LGG versus normal 
brain 
GO:007050
7 regulation of microtubule cytoskeleton organization 
3.82E-
11 1.46E-08 
LGG versus normal 
brain 
GO:003288
6 regulation of microtubule-based process 
7.22E-
11 2.65E-08 
LGG versus normal 
brain 
GO:000627
0 DNA replication initiation 
9.91E-
11 3.50E-08 
LGG versus normal 
brain 
GO:004578
7 positive regulation of cell cycle 
9.94E-
11 3.38E-08 
LGG versus normal 
brain 
GO:009006
8 positive regulation of cell cycle process 
1.03E-
10 3.37E-08 
LGG versus normal 
brain 
GO:000022
6 microtubule cytoskeleton organization 
1.17E-
10 3.71E-08 
LGG versus normal 
brain 
GO:000998
7 cellular process 
3.93E-
10 1.20E-07 
LGG versus normal 
brain 
GO:005178
3 regulation of nuclear division 
4.33E-
10 1.28E-07 
LGG versus normal 
brain 
GO:000007
5 cell cycle checkpoint 
4.89E-
10 1.40E-07 
LGG versus normal 
brain 
GO:190304
6 meiotic cell cycle process 
5.61E-
10 1.56E-07 
LGG versus normal 
brain 
GO:004469
9 single-organism process 
1.37E-
09 3.70E-07 





LGG versus normal 
brain 
GO:000708
8 regulation of mitotic nuclear division 
1.65E-
09 4.33E-07 
LGG versus normal 
brain 
GO:003246
5 regulation of cytokinesis 
3.98E-
09 1.02E-06 
LGG versus normal 
brain 
GO:004578
6 negative regulation of cell cycle 
6.65E-
09 1.65E-06 
LGG versus normal 
brain 
GO:000631
0 DNA recombination 
7.29E-
09 1.76E-06 
LGG versus normal 
brain 
GO:003102
3 microtubule organizing center organization 
7.93E-
09 1.87E-06 
LGG versus normal 
brain 
GO:005129
7 centrosome organization 
7.93E-
09 1.82E-06 
LGG versus normal 
brain 
GO:004477
0 cell cycle phase transition 
8.94E-
09 2.00E-06 
LGG versus normal 
brain 
GO:004470
2 single organism reproductive process 
1.08E-
08 2.36E-06 
LGG versus normal 
brain 
GO:190198
7 regulation of cell cycle phase transition 
1.09E-
08 2.32E-06 






LGG versus normal 
brain 
GO:005198
3 regulation of chromosome segregation 
1.46E-
08 2.97E-06 
LGG versus normal 
brain 
GO:000705
1 spindle organization 
1.64E-
08 3.28E-06 
LGG versus normal 
brain 
GO:005178
1 positive regulation of cell division 
1.81E-
08 3.54E-06 
LGG versus normal 
brain 
GO:004477
2 mitotic cell cycle phase transition 
1.93E-
08 3.69E-06 
LGG versus normal 
brain 
GO:009030
4 nucleic acid metabolic process 
2.78E-
08 5.22E-06 
LGG versus normal 
brain 
GO:009881
3 nuclear chromosome segregation 
3.08E-
08 5.66E-06 
LGG versus normal 
brain 
GO:190199
0 regulation of mitotic cell cycle phase transition 
3.25E-
08 5.85E-06 
LGG versus normal 
brain 
GO:005000
0 chromosome localization 
4.02E-
08 7.10E-06 





LGG versus normal 
brain 
GO:005130
3 establishment of chromosome localization 
4.02E-
08 6.97E-06 
LGG versus normal 
brain 
GO:004593
0 negative regulation of mitotic cell cycle 
5.70E-
08 9.71E-06 
LGG versus normal 
brain 
GO:003246
7 positive regulation of cytokinesis 
8.93E-
08 1.49E-05 
LGG versus normal 
brain 
GO:000028
1 mitotic cytokinesis 
1.30E-
07 2.13E-05 
LGG versus normal 
brain 
GO:000708
0 mitotic metaphase plate congression 
1.49E-
07 2.41E-05 
LGG versus normal 
brain 
GO:000630
2 double-strand break repair 
1.74E-
07 2.76E-05 
LGG versus normal 
brain 
GO:000072
4 double-strand break repair via homologous recombination 
2.29E-
07 3.56E-05 
LGG versus normal 
brain 
GO:000072
5 recombinational repair 
2.29E-
07 3.50E-05 
LGG versus normal 
brain 
GO:002241
4 reproductive process 
2.33E-
07 3.51E-05 
LGG versus normal 
brain 
GO:000712
6 meiotic nuclear division 
2.35E-
07 3.49E-05 
LGG versus normal 
brain 
GO:006164
0 cytoskeleton-dependent cytokinesis 
2.60E-
07 3.80E-05 
LGG versus normal 
brain 
GO:003157
7 spindle checkpoint 
3.29E-
07 4.72E-05 
LGG versus normal 
brain 
GO:004393
3 macromolecular complex subunit organization 
3.48E-
07 4.92E-05 
LGG versus normal 
brain 
GO:003355
4 cellular response to stress 
3.76E-
07 5.23E-05 
LGG versus normal 
brain 
GO:190198
8 negative regulation of cell cycle phase transition 
4.55E-
07 6.25E-05 
LGG versus normal 
brain 
GO:000626
8 DNA unwinding involved in DNA replication 
5.29E-
07 7.16E-05 
LGG versus normal 
brain 
GO:000701
0 cytoskeleton organization 
5.51E-
07 7.34E-05 
LGG versus normal 
brain 
GO:000613
9 nucleobase-containing compound metabolic process 
7.05E-
07 9.26E-05 





LGG versus normal 
brain 
GO:004648
3 heterocycle metabolic process 
7.72E-
07 1.00E-04 
LGG versus normal 
brain 
GO:005131
0 metaphase plate congression 
7.89E-
07 1.01E-04 
LGG versus normal 
brain 
GO:005164
0 organelle localization 
1.04E-
06 1.31E-04 
LGG versus normal 
brain 
GO:190199
1 negative regulation of mitotic cell cycle phase transition 
1.22E-
06 1.51E-04 
LGG versus normal 
brain 
GO:000081
9 sister chromatid segregation 
1.35E-
06 1.65E-04 
LGG versus normal 
brain 
GO:001094
8 negative regulation of cell cycle process 
2.08E-
06 2.51E-04 
LGG versus normal 
brain 
GO:007110
3 DNA conformation change 
2.44E-
06 2.91E-04 
LGG versus normal 
brain 
GO:009022
4 regulation of spindle organization 
2.90E-
06 3.42E-04 
LGG versus normal 
brain 
GO:003304
5 regulation of sister chromatid segregation 
3.71E-
06 4.32E-04 
LGG versus normal 
brain 
GO:000709
3 mitotic cell cycle checkpoint 
3.82E-
06 4.39E-04 
LGG versus normal 
brain 
GO:000672
5 cellular aromatic compound metabolic process 
4.23E-
06 4.80E-04 
LGG versus normal 
brain 
GO:190197
6 regulation of cell cycle checkpoint 
4.45E-
06 4.99E-04 
LGG versus normal 
brain 
GO:190136
0 organic cyclic compound metabolic process 
4.97E-
06 5.50E-04 
LGG versus normal 
brain 
GO:005165
6 establishment of organelle localization 
5.19E-
06 5.68E-04 
LGG versus normal 
brain 
GO:000626
1 DNA-dependent DNA replication 
6.00E-
06 6.49E-04 
LGG versus normal 
brain 
GO:005178
2 negative regulation of cell division 
7.83E-
06 8.37E-04 
LGG versus normal 
brain 
GO:000007
0 mitotic sister chromatid segregation 
8.44E-
06 8.92E-04 
LGG versus normal 
brain 
GO:190209
9 regulation of metaphase/anaphase transition of cell cycle 
8.47E-
06 8.85E-04 





LGG versus normal 
brain 
GO:003007
1 regulation of mitotic metaphase/anaphase transition 
8.47E-
06 8.75E-04 
LGG versus normal 
brain 
GO:003304
4 regulation of chromosome organization 
8.83E-
06 9.02E-04 
LGG versus normal 
brain 
GO:005122
5 spindle assembly 
1.00E-
05 1.01E-03 
LGG versus normal 
brain 
GO:007189
7 DNA biosynthetic process 
1.27E-
05 1.27E-03 
LGG versus normal 
brain 
GO:007121
4 cellular response to abiotic stimulus 
1.48E-
05 1.46E-03 
LGG versus normal 
brain 
GO:003026
1 chromosome condensation 
1.50E-
05 1.47E-03 
LGG versus normal 
brain 
GO:005198
8 regulation of attachment of spindle microtubules to kinetochore 
1.53E-
05 1.48E-03 
LGG versus normal 
brain 
GO:005125
6 mitotic spindle midzone assembly 
2.15E-
05 2.06E-03 
LGG versus normal 
brain 
GO:000828
3 cell proliferation 
2.35E-
05 2.22E-03 
LGG versus normal 
brain 
GO:004500
5 DNA-dependent DNA replication maintenance of fidelity 
2.37E-
05 2.23E-03 
LGG versus normal 
brain 
GO:007147
8 cellular response to radiation 
2.53E-
05 2.35E-03 
LGG versus normal 
brain 
GO:004483
9 cell cycle G2/M phase transition 
2.56E-
05 2.36E-03 
LGG versus normal 
brain 
GO:000008
6 G2/M transition of mitotic cell cycle 
2.56E-
05 2.33E-03 
LGG versus normal 
brain 
GO:001096
5 regulation of mitotic sister chromatid separation 
2.59E-
05 2.34E-03 
LGG versus normal 
brain 
GO:003304
7 regulation of mitotic sister chromatid segregation 
2.59E-
05 2.31E-03 
LGG versus normal 
brain 
GO:000632
5 chromatin organization 
2.80E-
05 2.48E-03 
LGG versus normal 
brain 
GO:004426
0 cellular macromolecule metabolic process 
3.08E-
05 2.70E-03 
LGG versus normal 
brain 
GO:000707
6 mitotic chromosome condensation 
3.69E-
05 3.20E-03 





LGG versus normal 
brain 
GO:000701
8 microtubule-based movement 
3.81E-
05 3.28E-03 
LGG versus normal 
brain 
GO:004593
1 positive regulation of mitotic cell cycle 
4.04E-
05 3.44E-03 
LGG versus normal 
brain 
GO:007182
4 protein-DNA complex subunit organization 
5.51E-
05 4.65E-03 
LGG versus normal 
brain 
GO:006500
4 protein-DNA complex assembly 
5.84E-
05 4.88E-03 
LGG versus normal 
brain 
GO:003304
3 regulation of organelle organization 
6.63E-
05 5.49E-03 








LGG versus normal 
brain 
GO:005125
5 spindle midzone assembly 
7.64E-
05 6.22E-03 








LGG versus normal 
brain 
GO:009023
1 regulation of spindle checkpoint 
9.66E-
05 7.72E-03 
LGG versus normal 
brain 
GO:004314










Table S2.3B. Enriched GO terms from LGG SAM analyses (FDR cutoff 0.0001) 





TR(P) versus T(P) 
LGG GO:0006952 defense response 
1.26E-
11 9.48E-08 
TR(P) versus T(P) 
LGG GO:0051707 response to other organism 
6.70E-
10 2.52E-06 
TR(P) versus T(P) 
LGG GO:0098542 defense response to other organism 
1.57E-
09 3.94E-06 
TR(P) versus T(P) 
LGG GO:0051704 multi-organism process 
3.14E-
09 5.90E-06 
TR(P) versus T(P) 
LGG GO:0043207 response to external biotic stimulus 
4.58E-
09 6.90E-06 
TR(P) versus T(P) 
LGG GO:0009607 response to biotic stimulus 
4.82E-
09 6.04E-06 
TR(P) versus T(P) 
LGG GO:0009605 response to external stimulus 
1.47E-
08 1.58E-05 
TR(P) versus T(P) 
LGG GO:0051607 defense response to virus 
2.04E-
08 1.92E-05 
TR(P) versus T(P) 
LGG GO:0002376 immune system process 
4.26E-
08 3.57E-05 
TR(P) versus T(P) 
LGG GO:0006955 immune response 
8.18E-
08 6.16E-05 
TR(P) versus T(P) 
LGG GO:0045087 innate immune response 
1.12E-
06 7.67E-04 
TR(P) versus T(P) 
LGG GO:0050896 response to stimulus 
1.43E-
06 8.97E-04 
TR(P) versus T(P) 
LGG GO:0002252 immune effector process 
1.68E-
06 9.75E-04 
TR(P) versus T(P) 
LGG GO:0009615 response to virus 
1.78E-
06 9.59E-04 
TR(P) versus T(P) 
LGG GO:0048519 negative regulation of biological process 
2.01E-
06 1.01E-03 
TR(P) versus T(P) 
LGG GO:0048523 negative regulation of cellular process 
5.95E-
06 2.80E-03 





TR(P) versus T(P) 
LGG GO:0006950 response to stress 
6.25E-
06 2.77E-03 
TR(P) versus T(P) 
LGG GO:0050794 regulation of cellular process 
1.01E-
05 4.24E-03 
TR(P) versus T(P) 
LGG GO:0002684 positive regulation of immune system process 
1.70E-
05 6.73E-03 
TR(P) versus T(P) 
LGG GO:0050789 regulation of biological process 
1.78E-
05 6.71E-03 
TR(P) versus T(P) 
LGG GO:0002682 regulation of immune system process 
1.81E-
05 6.48E-03 
TR(P) versus T(P) 
LGG GO:0008045 motor neuron axon guidance 
3.60E-
05 1.23E-02 
TR(P) versus T(P) 
LGG GO:0023051 regulation of signaling 
4.13E-
05 1.35E-02 
TR(P) versus T(P) 
LGG GO:0071310 cellular response to organic substance 
4.55E-
05 1.43E-02 
TR(P) versus T(P) 
LGG GO:0043903 




TR(P) versus T(P) 










Table S2.3C. KrasG12D LGG signature (300 genes) 
















































































































































































































































































































































































250631 Nf1 Nf1-/- 119 189 Normal 
250612 Nf1;Pten Nf1-/-;Pten+/- 118 191 Normal 
249594 Nf1;Pten Nf1+/-;Pten-/- 36 184 Normal 
247642 Nf1;Pten Nf1+/-;Pten+/- 95 175 Normal 
250564 Rb1;Nf1 Rb1+/-;Nf1+/- 118 191 Normal 
250017 Rb1;Nf1;Pten Rb1-/-;Nf1-/-;Pten-/- 252 162 Normal 
251054 Rb1;Nf1;Pten Rb1-/-;Nf1+/-;Pten-/- 114 185 Normal 
251276 Rb1;Nf1;Pten Rb1-/-;Nf1+/-;Pten-/- 95 185 Normal 
250356 Rb1;Nf1;Pten Rb1-/-;Nf1+/-;Pten+/- 179 185 Normal 
251062 Rb1;Nf1;Pten Rb1+/-;Nf1-/-;Pten-/- 110 185 Normal 
250016 Rb1;Nf1;Pten Rb1+/-;Nf1-/-;Pten+/- 252 183 Normal 
250358 Rb1;Nf1;Pten Rb1+/-;Nf1-/-;Pten+/- 102 63 Normal 
250013 Rb1;Nf1;Pten Rb1+/-;Nf1+/-;Pten-/- 105 78 Normal 
250773 Rb1;Nf1;Pten Rb1+/-;Nf1+/-;Pten-/- 104 191 Normal 
250012 Rb1;Nf1;Pten Rb1+/-;Nf1+/-;Pten+/- 105 78 Normal 
250630 Rb1;Nf1;Pten Rb1+/-;Nf1+/-;Pten+/- 119 189 Normal 
248559 Rb1;Pten Rb1+/-;Pten+/- 173 119 Normal 
248590 Rb1;Pten Rb1+/-;Pten+/- 172 60 Normal 
248916 Rb1;Pten Rb1+/-;Pten+/- 148 119 Normal 
250700 Rb1;Pten Rb1+/-;Pten+/- 113 191 Normal 
250561 Rb1 Rb1-/- 118 191 Normal 
248558 Rb1;Kras Rb1+/-;KrasG12D 173 119 Normal 
252660 Rb1;Kras;Pten Rb1-/-;KrasG12D;Pten-/- 98 37 Normal 





249234 Rb1;Kras;Pten Rb1+/-;KrasG12D;Pten-/- 131 63 Normal 
251580 Rb1;Kras;Pten Rb1+/-;KrasG12D;Pten-/- 117 70 Normal 
252508 Rb1;Kras;Pten Rb1+/-;KrasG12D;Pten-/- 101 32 Normal 
252661 Rb1;Kras;Pten Rb1+/-;KrasG12D;Pten-/- 98 94 Normal 
252666 Rb1;Kras;Pten Rb1+/-;KrasG12D;Pten-/- 115 38 Normal 
248915 Rb1;Kras;Pten Rb1+/-;KrasG12D;Pten+/- 148 119 Normal 
248922 Rb1;Kras;Pten Rb1+/-;KrasG12D;Pten+/- 148 60 Normal 
249182 Rb1;Kras;Pten Rb1+/-;KrasG12D;Pten+/- 135 60 Normal 
250362 Rb1;Kras;Pten Rb1+/-;KrasG12D;Pten+/- 101 63 Normal 
250628 Rb1;Nf1 Rb1-/-;Nf1+/- 119 191 Normal 
249593 T;Nf1 T;Nf1-/- 36 184 A3 
245462 T;Nf1 T;Nf1+/- 355 184 A2 
246372 T;Nf1 T;Nf1+/- 211 175 A2 
247966 T;Nf1 T;Nf1+/- 73 175 A2 
249871 T;Nf1;Pten T;Nf1-/-;Pten-/- 117 72 A2 
249961 T;Nf1;Pten T;Nf1-/-;Pten-/- 117 72 A2 
250898 T;Nf1;Pten T;Nf1-/-;Pten-/- 130 169 A3 
247640 T;Nf1;Pten T;Nf1-/-;Pten+/- 95 175 A2 
249890 T;Nf1;Pten T;Nf1-/-;Pten+/- 116 72 A2 
249591 T;Nf1;Pten T;Nf1+/-;Pten-/- 155 63 A2 
249870 T;Nf1;Pten T;Nf1+/-;Pten-/- 117 72 A2 
250765 T;Nf1;Pten T;Nf1+/-;Pten-/- 144 232 A2 
251496 T;Nf1;Pten T;Nf1+/-;Pten-/- 122 184 A2 
245449 T;Nf1;Pten T;Nf1+/-;Pten+/- 355 99 GBM 
246071 T;Nf1;Pten T;Nf1+/-;Pten+/- 312 184 A3 





246522 T;Nf1;Pten T;Nf1+/-;Pten+/- 272 184 A3 
247171 T;Nf1;Pten T;Nf1+/-;Pten+/- 147 175 A2 
247472 T;Nf1;Pten T;Nf1+/-;Pten+/- 242 64 A2 
247641 T;Nf1;Pten T;Nf1+/-;Pten+/- 95 175 A2 
247658 T;Nf1;Pten T;Nf1+/-;Pten+/- 166 184 A2 
247965 T;Nf1;Pten T;Nf1+/-;Pten+/- 73 175 A2 
247967 T;Nf1;Pten T;Nf1+/-;Pten+/- 73 175 A2 
248900 T;Nf1;Pten T;Nf1+/-;Pten+/- 81 184 A2 
249328 T;Nf1;Pten T;Nf1+/-;Pten+/- 56 184 A2 
249589 T;Nf1;Pten T;Nf1+/-;Pten+/- 155 63 A2 
250615 T;Nf1;Pten T;Nf1+/-;Pten+/- 118 189 A2 
 
Summary  






Rb1;Kras 1  
Rb1;Kras;Pten 10  
Rb1;Nf1 2  
Rb1;Nf1;Pten 11  
Rb1;Pten 4  
Nf1 1  





A3 1  
T;Nf1;Pten A2 18 143  





A3 3  
GBM 1  
Total   59 137  
   
  
Age at induction (days)  
  
Mean 138.3  
  
SD 67.1    
Min 36  
 
 
Max 355  
  
   
  
Abbreviations: A2 Diffuse Astrocytoma   
  A3 Anaplastic Astrocytoma 
  GBM Glioblastoma   
 
  






























P-/- Yes Yes F 31 408 Sac Normal     
12342
0 
P-/- Yes Yes F 31 336 Sac Normal   
12736
0 
P-/- Yes Yes F 31 298 Sac Normal     
13172
1 
P-/- Yes Yes F 118 444 Sac Normal   
23471
0 
P+/- No Yes M 100 281 Sac Normal     
93218 R Yes Yes F 86 335 Sac Normal   
93249 R Yes Yes F 90 110 Sac Normal     
97306 R Yes Yes M 120 260 Sac Normal   
10081
4 
R Yes No M 113 357 Sac Normal     
10083
5 
R Yes Yes M 113 350 Sac Normal   
12843
5 
R Yes Yes F 109 173 Sac Normal     
13113
7 
R Yes Yes M 100 172 Sac Normal   
11630
8 
RP-/- Yes Yes M 102 130 Sac Normal     
11872
2 
RP-/- Yes No F 183 228 Sac Normal   
11877
5 
RP-/- Yes Yes M 110 132 Sac Normal     
11938
9 
RP-/- Yes Yes M 107 43 Sac Normal   
13329
5 
RP-/- Yes Yes M 96 35 Sac Normal     







RP-/- Yes Yes M 106 17 Sac Normal   
14497
7 
RP-/- Yes Yes M 98 211 Sac Normal     
14498
2 
RP-/- Yes Yes M 103 130 Sac Normal   
14527
0 
RP-/- Yes Yes F 97 106 Sac Normal     
14816
9 
RP-/- Yes Yes M 116 99 Sac Normal   
14820
7 
RP-/- Yes Yes M 118 165 Sac Normal     
10301
9 
RP+/- Yes Yes M 97 489 Sac Normal   
12060
0 
RP+/- Yes Yes M 119 433 Sac Normal     
12095
9 
RP+/- Yes Yes M 116 127 Sac Normal   
12598
4 
RP+/- Yes Yes M 115 275 Sac Normal     
12714
9 
RP+/- Yes Yes F 100 509 Sac Normal   
12932
2 
RP+/- Yes Yes F 105 173 Sac Normal     
12932
5 
RP+/- Yes Yes M 105 363 Sac Normal   
87610 T Yes Yes M 99 537 Sac A3     
90627 T Yes Yes F 94 333 Sac A2   
93248 T Yes Yes F 90 496 Sac A2     
96555 T Yes Yes M 101 451 Sac A2   
97165 T Yes Yes F 93 456 Sac A3     
98123 T Yes Yes F 119 421 Sac A2   
22343
0 
T Yes Yes F 138 408 Sac A3     







T Yes Yes M 138 408 Sac A2   
22424
3 
T Yes Yes F 122 280 Brain tumor A2     
22424
7 
T Yes Yes F 122 408 Sac A2   
22555
4 
T Yes Yes F 87 408 Sac A2     
23531
7 
T Yes Yes F 140 365 Sac A2   
23549
4 
T Yes Yes M 133 365 Sac A2     
24436
8 
T Yes Yes M 113 126 Sac A2   
11304
4 
TP-/- Yes Yes M 126 375 Sac A2     
12589
5 
TP-/- Yes Yes M 116 307 Sac A2   
12718
4 
TP-/- Yes Yes F 98 509 Sac A2     
13571
7 
TP-/- Yes Yes F 117 221 Sac A3   
13676
8 
TP-/- Yes Yes F 102 388 Sac A3     
14099
4 
TP-/- Yes Yes M 78 367 Sac A2   
14402
8 
TP-/- Yes Yes M 110 297 Sac A2     
14460
1 
TP-/- Yes Yes M 103 297 Sac A3   
14496
8 
TP-/- Yes Yes F 119 276 Sac A2     
14497
3 
TP-/- Yes Yes F 98 297 Sac A2   
14497
5 
TP-/- Yes Yes M 98 297 Sac A2     







TP-/- Yes Yes M 103 276 Sac A2   
23813
9 
TP-/- Yes Yes F 128 282 Sac A2     
23878
8 
TP-/- Yes Yes M 108 318 Sac A2   
24094
3 
TP-/- Yes Yes F 103 179 Brain tumor A2     
24500
6 
TP-/- Yes Yes F 66 193 Sac A2   
24500
9 
TP-/- Yes Yes M 66 283 Sac A2     
24691
0 
TP-/- Yes Yes F 118 217 Sac A2   
11875
4 
TP+/- Yes Yes F 116 376 Sac A2     
11936
7 
TP+/- Yes Yes F 109 566 Sac A2   
12092
8 
TP+/- Yes Yes M 117 433 Sac A3     
12093
9 
TP+/- Yes Yes F 116 139 Sac A2   
12272
5 
TP+/- Yes Yes F 106 345 Sac A3     
12279
1 
TP+/- Yes Yes M 105 390 Sac A2   
12322
4 
TP+/- Yes Yes M 99 426 Sac A2     
12501
9 
TP+/- Yes Yes M 120 381 Sac A2   
12776
7 
TP+/- Yes Yes F 94 101 Sac A3     
23310
7 
TP+/- Yes Yes M 112 456 Sac A2   
23347
9 
TP+/- Yes Yes M 131 421 Sac A3     







TP+/- Yes Yes F 125 365 Sac A2   
23583
7 
TP+/- Yes Yes M 133 365 Sac A2     
23604
9 
TP+/- Yes Yes M 125 345 Sac A2   
23693
8 
TP+/- Yes Yes M 154 365 Sac A2     
23693
9 
TP+/- Yes Yes M 154 365 Sac A2   
23748
1 
TP+/- Yes Yes F 146 233 Sac A2     
24004
9 
TP+/- Yes Yes M 142 364 Sac A2   
24094
2 
TP+/- Yes Yes F 103 308 Sac A2     
24235
4 
TP+/- Yes Yes F 106 367 Sac A2   
24241
8 
TP+/- Yes Yes F 96 367 Sac A2     
24460
0 
TP+/- Yes Yes M 96 371 Sac A2   
24724
4 
TP+/- Yes Yes F 95 217 Sac A2     
24724
6 
TP+/- Yes Yes F 95 217 Sac A2   
87606 TR Yes Yes F 99 150 Brain tumor A3     
93246 TR Yes Yes F 90 147 Brain tumor A3   
95392 TR Yes Yes F 109 112 Sac A2     
96556 TR Yes Yes M 97 168 Brain tumor A3   
96564 TR Yes Yes F 97 131 Sac A3     
97166 TR Yes Yes F 93 150 Brain tumor A3   
97169 TR Yes Yes F 92 139 Brain tumor A3     
97172 TR Yes Yes F 92 129 Sac A3   
97302 TR Yes Yes F 120 155 Brain tumor A3     







TR Yes Yes M 122 160 Brain tumor GBM   
12240
6 
TR Yes Yes F 109 111 Sac A2     
12281
3 
TR Yes Yes M 108 136 Brain tumor A3   
12429
6 
TR Yes Yes M 95 146 Brain tumor A3     
12503
6 
TR Yes Yes F 120 158 Brain tumor GBM   
12504
0 
TR Yes Yes M 120 140 Brain tumor A3     
15964
0 
TR Yes Yes M 125 140 Brain tumor GBM   
16209
1 
TR Yes Yes F 97 130 Brain tumor A2     
23210
9 
TR Yes Yes F 134 108 Brain tumor A3   
23212
0 
TR Yes Yes F 133 161 Sac GBM     
23235
0 
TR Yes Yes F 127 107 Brain tumor A2   
23236
6 
TR Yes Yes F 127 107 Brain tumor GBM 1 1 
23247
3 
TR Yes Yes F 123 133 Sac A2   
23276
8 
TR Yes Yes M 118 123 Brain tumor A3     
23310
5 
TR Yes Yes F 112 148 Brain tumor A3   
23369
8 
TR No Yes M 122 281 Sac Normal     
23420
0 
TR Yes Yes F 110 125 Brain tumor A3   
23474
0 
TR No Yes F 94 421 Sac Normal     







TR Yes Yes F 97 137 Brain tumor GBM  1 
23531
6 
TR Yes Yes F 140 150 Brain tumor GBM 1 1 
23534
4 
TR Yes Yes F 139 136 Brain tumor GBM 2 2 
23534
6 
TR Yes Yes M 139 91 Brain tumor A2     
23579
1 
TR Yes Yes F 129 130 Brain tumor A3 1 1 
23579
3 
TR Yes Yes M 129 109 Brain tumor A2     
24083
5 
TR Yes Yes F 106 114 Brain tumor A3   
24092
9 
TR Yes Yes F 99 108 Brain tumor A2     
24209
2 
TR Yes Yes F 109 127 Brain tumor A3 1 1 
24362
7 
TR Yes Yes F 100 93 Brain tumor A2     
24442
0 
TR Yes Yes M 52 116 Brain tumor A2   
24586
1 
TR Yes Yes M 117 120 Brain tumor A3 1 1 
24674
2 
TR Yes Yes F 133 147 Brain tumor GBM 1 1 
24701
8 
TR Yes Yes F 114 120 Brain tumor A3     
24702
9 
TR Yes Yes M 112 145 Brain tumor GBM   
24703
1 
TR Yes Yes M 112 107 Brain tumor GBM     
11518
9 
TRP-/- Yes Yes M 105 90 Sac A3   
11877
3 
TRP-/- Yes Yes M 110 62 Sac A3     







TRP-/- Yes Yes F 106 40 Sac A2   
12597
6 
TRP-/- Yes Yes F 116 71 Brain tumor A3     
12597
8 
TRP-/- Yes Yes F 116 31 Sac A3   
12777
0 
TRP-/- Yes Yes F 94 71 Brain tumor GBM     
12932
6 
TRP-/- Yes Yes M 168 75 Brain tumor GBM   
13050
9 
TRP-/- Yes Yes F 148 36 Brain tumor GBM     
13746
8 
TRP-/- Yes Yes M 91 110 Brain tumor GBM   
14248
6 
TRP-/- Yes Yes M 90 101 Brain tumor GBM     
15880
8 
TRP-/- Yes Yes M 102 107 Brain tumor GBM   
16423
7 
TRP-/- Yes Yes F 115 59 Brain tumor GBM     
16590
4 
TRP-/- Yes Yes F 101 51 Sac A2   
23531
1 
TRP-/- No Yes F 84 421 Sac Normal     
23548
9 
TRP-/- Yes Yes F 135 55 Brain tumor GBM   
23607
0 
TRP-/- Yes Yes M 115 95 Brain tumor A3 1 1 
23607
2 
TRP-/- Yes Yes F 115 79 Sac A3   
23770
3 
TRP-/- Yes Yes M 137 25 Sac A2     
23903
2 
TRP-/- Yes Yes M 94 44 Brain tumor GBM   
24049
4 
TRP-/- No Yes F 122 311 Sac Normal     







TRP-/- Yes Yes F 96 57 Sac A3   
24110
2 
TRP-/- Yes Yes F 94 99 Brain tumor GBM 1 1 
24248
6 
TRP-/- Yes Yes M 91 98 Brain tumor GBM 1 1 
24248
7 
TRP-/- Yes Yes M 91 53 Sac A2     
24389
2 
TRP-/- Yes Yes M 81 52 Sac A2   
24494
1 
TRP-/- Yes Yes M 75 66 Sac A2     
24523
7 
TRP-/- Yes Yes F 128 64 Brain tumor GBM 1 1 
24558
6 
TRP-/- Yes Yes F 109 71 Brain tumor A3 1 1 
24566
5 
TRP-/- Yes Yes M 106 60 Sac A3 1 1 
24627
0 
TRP-/- Yes Yes F 84 58 Brain tumor GBM 2 2 
24644
3 
TRP-/- Yes Yes M 65 63 Sac A2   
24675
1 
TRP-/- Yes Yes M 131 29 Brain tumor A2     
24733
0 
TRP-/- Yes Yes F 85 58 Sac A2   
24751
4 
TRP-/- Yes Yes M 65 100 Brain tumor A3     
24826
7 
TRP-/- Yes Yes F 154 77 Sac GBM   
24832
8 
TRP-/- Yes Yes F 149 58 Sac A3     
24833
8 
TRP-/- Yes Yes F 148 56 Brain tumor GBM   
24885
8 
TRP-/- Yes Yes M 110 85 Brain tumor GBM     







TRP+/- Yes Yes M 93 147 Sac A3   
11676
6 
TRP+/- Yes Yes M 93 171 Brain tumor GBM     
11937
1 
TRP+/- Yes Yes F 109 167 Sac A2   
11937
3 
TRP+/- Yes Yes M 109 122 Brain tumor GBM     
12224
8 
TRP+/- Yes Yes M 111 127 Brain tumor A3   
12272
8 
TRP+/- Yes Yes M 106 73 Sac A3     
12777
7 
TRP+/- Yes Yes M 114 122 Brain tumor GBM   
12844
3 
TRP+/- Yes Yes M 110 130 Brain tumor A3     
15882
4 
TRP+/- Yes Yes M 100 109 Brain tumor A3   
16348
8 
TRP+/- Yes Yes M 122 143 Brain tumor GBM     
23229
4 
TRP+/- Yes Yes M 128 134 Brain tumor A2   
23247
4 
TRP+/- No Yes F 123 198 Sac Normal     
23258
8 
TRP+/- Yes Yes F 122 133 Sac A3   
23310
6 
TRP+/- Yes Yes F 112 143 Brain tumor GBM 1 1 
23311
7 
TRP+/- Yes Yes M 107 112 Brain tumor GBM 1 1 
23335
2 
TRP+/- Yes Yes F 98 129 Brain tumor GBM 1 1 
23429
0 
TRP+/- No Yes M 108 281 Sac Normal   
23445
1 
TRP+/- Yes Yes M 107 129 Brain tumor GBM 1 1 







TRP+/- Yes Yes M 104 143 Brain tumor GBM 1 1 
23474
2 
TRP+/- Yes Yes F 94 134 Sac A2     
23531
2 
TRP+/- Yes Yes F 84 113 Brain tumor GBM   
23534
2 
TRP+/- Yes Yes F 139 114 Sac A2     
23548
3 
TRP+/- Yes Yes F 135 114 Brain tumor A2   
23578
3 
TRP+/- Yes Yes F 125 114 Sac A2     
23602
4 
TRP+/- Yes Yes M 120 120 Brain tumor GBM 2 2 
24049
6 
TRP+/- Yes Yes F 122 119 Sac A3     
24189
8 
TRP+/- Yes Yes F 121 140 Brain tumor GBM 1 1 
24384
5 
TRP+/- Yes Yes F 84 98 Brain tumor A3     
24385
2 
TRP+/- Yes Yes M 82 127 Brain tumor GBM 1 1 
24393
0 
TRP+/- Yes Yes M 79 98 Brain tumor A2     
24418
9 
TRP+/- Yes Yes M 60 119 Brain tumor A3 1 1 
24419
0 
TRP+/- Yes Yes F 64 93 Brain tumor A3 1 1 
24459
0 
TRP+/- Yes Yes M 101 122 Brain tumor A3   
24460
5 
TRP+/- Yes Yes F 100 126 Brain tumor GBM 1 1 
24470
6 
TRP+/- Yes Yes F 87 101 Brain tumor GBM 2 2 
24493
9 
TRP+/- Yes Yes M 75 120 Brain tumor A3 2 2 







TRP+/- Yes Yes M 83 120 Brain tumor A2   
24501
6 
TRP+/- Yes Yes F 72 108 Brain tumor A3 1 1 
24511
6 
TRP+/- Yes Yes F 134 106 Brain tumor GBM 2 2 
24512
2 
TRP+/- Yes Yes M 134 123 Brain tumor A2     
24522
6 
TRP+/- Yes Yes F 130 106 Brain tumor A2   
24524
2 
TRP+/- Yes Yes M 128 99 Brain tumor A3     
24527
7 
TRP+/- Yes Yes F 125 87 Sac A2   
24529
6 
TRP+/- Yes Yes F 125 107 Sac A2     
24530
4 
TRP+/- Yes Yes F 123 130 Brain tumor A3 1 1 
24566
0 
TRP+/- Yes Yes F 106 116 Brain tumor GBM 1 2 
24566
2 
TRP+/- Yes Yes F 106 106 Brain tumor GBM 1 1 
24593
6 
TRP+/- Yes Yes F 107 107 Brain tumor GBM 1 1 
24594
0 
TRP+/- Yes Yes M 107 109 Brain tumor A3   
24595
6 
TRP+/- Yes Yes M 106 120 Brain tumor A3     
24603
5 
TRP+/- Yes Yes F 98 87 Brain tumor A2   
24630
0 
TRP+/- Yes Yes M 77 127 Brain tumor GBM 1 1 
24630
2 
TRP+/- Yes Yes M 77 102 Brain tumor GBM 1 1 
24642
8 
TRP+/- Yes Yes M 68 102 Brain tumor A3     







TRP+/- Yes Yes F 116 79 Brain tumor A2   
24719
4 
TRP+/- Yes Yes F 95 107 Brain tumor A2     
24833
5 
TRP+/- Yes Yes F 148 102 Sac A2   
94846 WT Yes Yes F 39 533 Sac Normal     
95397 WT Yes Yes M 113 451 Sac Normal     
 
  



















P+/- Normal   1 281 
TR Normal     2 351 
TRP+/- Normal   2 240 
TRP-/- Normal     2 366 
Yes 
No 
R Normal   1 357 
RP-/- Normal     1 228 
Yes 
WT Normal   2 492 
P-/- Normal     4 372 
R Normal   6 233 
RP+/- Normal     7 338 
RP-/- Normal     10 107 
T 
A2     11 
390 
A3     3 
TP+/- 
A2     20 
345 
A3     4 
TP-/- 
A2     15 
299 
A3     3 
TR 
A2     10 
130 A3 3 3 20 
GBM 5 6 11 
TRP+/- 
A2   16 
117 A3 6 6 18 
GBM 19 20 21 
TRP-/- A2     9 67 





A3 3 3 11 
GBM 5 5 16 
Total 41 43 226   
        
  Mean SD Min Max  
 
Age at induction (days) 107.9 22.2 31 183  
 
        
Abbreviations     
A2 Diffuse Astrocytoma     
A3 Anaplastic Astrocytoma     
GBM Glioblastoma     
 
  





Table S2.5A-E. CNA in core GBM pathway genes in TR(P) HGG 
Rb Pathway  RTK Pathway  MAPK Pathway  PI3K Pathway  
Gene 
Mutated 
Samples (%)  Gene 
Mutated Samples 
(%)  Gene 
Mutated Samples 









Gain Loss Total 
 
Gain Loss Total 
 
Gain Loss Total 
 
Ccnd2 67 67 67 
 
Met 67 0 67 
 




5 0 5 
 
Stat1 21 0 21  Egfr 2 5 7  Kras 69 0 69  Pten 0 5 5  




2 5 7 
 
Raf1 67 0 67 
 
Akt2 0 2 2 
 












0 2 2 
 




5 0 5 
 
Dab2 10 0 10 
 
Akt5 2 0 2 
 
Stat3 2 5 7 
 
Fgf1 2 0 2 
 




2 0 2 
 
Stat5a 2 5 7 
 








2 0 2 
 
Stat5b 2 5 7 
 








0 0 0 
 












0 0 0 
 




0 0 0 
 
Mapk7 2 5 7 
 
Rheb 0 0 0 
 
E2f8 0 5 5  Igf1 0 0 0  Rab25 5 0 5  Tsc2 0 0 0  
Jak2 0 5 5  Kdr 0 0 0  Hras1 0 2 2  Tsc5 0 0 0  
Ccnd1 0 2 2 
 




2 0 2 
      




0 0 0 
 
Mapk1 2 0 2 
      




0 0 0 
 
Mapk3 0 2 2 
      
Cdkn2
a 








0 0 0 
      





E2f1 2 0 2 
      
Map2k
2 
0 0 0 
      
E2f3 0 2 2 
      
Map2k
5 
0 0 0 
      
E2f5 2 0 2 
      
Map3k
1 
0 0 0 
      
Jak1 0 2 2 
      
Map3k
4 
0 0 0 
      
Rbl1 2 0 2 
      
Map3k
5 
0 0 0 
      
Src 2 0 2 
      
Mapk1
4 
0 0 0 
      
Ccnb1 0 0 0       Mapk4 0 0 0       
Cdc25
a 
0 0 0 
      
Mapk6 0 0 0 
      
Cdk2 0 0 0       Mapk8 0 0 0       
Cdk4 0 0 0       Rassf1 0 0 0       
Cdkn1
a 
0 0 0 
                
E2f4 0 0 0                 
Rb1 0 0 0                 
Rbl2 0 0 0                 
Stat2 0 0 0                 
Table S2.5. CNA in core GBM pathway genes in TR(P) HGG. Copy number gains and losses for the indicated Rb, RTK, MAPK, 
PI3K, and Trp53 pathway genes in 41 HGA samples from 35 TR(P) mice are shown (Fig. 4).  


























































































TRP+/- BS S1 Mesenchymal Yes 4.17 No GBM 
















































































TRP-/- OFB S3 Neural Yes 1.91 No GBM 
















































TRP+/- CTX S3 Proneural Yes 3.94 No A3 
 
HGG subtypes in mice with 2 distinct tumors 
Mouse ID Genotype 
HGG 1   HGG 2 




235344 TR S3 BS Proneural  S2 DI Classical 
236024 TRP+/- S1 CTX Mesenchymal  S2 OFB Classical 
244706 TRP+/- S1 BS Mesenchymal  S2 OFB Proneural 
244939 TRP+/- S3 CTX Proneural  S3 OFB Neural 
245116 TRP+/- S3 CTX Neural  S3 DI Neural 
245660 TRP+/- S1 BS Mesenchymal  S2 CTX Proneural 
246270 TRP+/- S3 CTX Proneural   S3 OFB Neural 





         
HGG location by genotype    
Genotype 
Location 
Total    
CTX BS DI OFB    
TR 1 2 6  9    
TRP-/- 5 2 11 7 25    
TRP+/- 2 3 1 2 8    
Total 8 7 18 9 42    
Fisher's P=0.3    
      
   





   
S1 S2 S3     
TR 3 2 4 9     
TRP-/- 12 5 8 25     
TRP+/- 2 1 5 8     
Total 17 8 17 42     
Fisher's P=0.6     
      
   





   
S1 S2 S3     
CTX 3 1 4 8     
DI  1 6 7     
BS 13 2 3 18     
OFB 1 4 4 9     
Total 17 8 17 42     
Fisher's P=0.004     
      
   





GEM HGG versus human GBM (TCGA) subtypes    
HGG Subtype 
TCGA Subtype 
Total    
Proneural Neural Classical Mesenchymal    
S1   1 16 17    
S2 6  2  8    
S3 5 11   1 17    
Total 11 11 3 17 42    
Fisher's P<0.0001    
      
   
Abbreviations      
A2 Diffuse Astrocytoma      
A3 Anaplastic Astrocytoma      
GBM Glioblastoma      
 
  





Table S2.7.  HGG subtypes S1-S3 600-gene classifier 




































































































































































































































































































































































































































































































































































































































































































































Table S2.9A. Enriched GO terms from HGG SAM analyses (FDR cutoff 0.0001) - S1 


































































(mesenchymal) GO:0098542 defense response to other organism 
3.10E-
09 1.67E-06 












































































(mesenchymal) GO:0042981 regulation of apoptotic process 
3.71E-
07 9.39E-05 










































































(mesenchymal) GO:0046649 lymphocyte activation 
1.41E-
06 2.33E-04 














































































(mesenchymal) GO:2000738 positive regulation of stem cell differentiation 
4.51E-
06 5.54E-04 













































antigen processing and presentation of peptide antigen 
































(mesenchymal) GO:0050778 positive regulation of immune response 
2.05E-
05 2.00E-03 














































































(mesenchymal) GO:0003417 growth plate cartilage development 
6.02E-
05 4.88E-03 










































Table S2.9B. Enriched GO terms from HGG SAM analyses (FDR cutoff 0.0001) - S2 
Subtype GO Term Description P-value FDR q-value 
S2 
(proneural) GO:0090304 nucleic acid metabolic process 2.72E-40 2.29E-36 
S2 
(proneural) GO:0006139 nucleobase-containing compound metabolic process 3.34E-38 1.41E-34 
S2 
(proneural) GO:0046483 heterocycle metabolic process 1.05E-36 2.94E-33 
S2 
(proneural) GO:0006725 cellular aromatic compound metabolic process 2.87E-36 6.05E-33 
S2 
(proneural) GO:0034641 cellular nitrogen compound metabolic process 3.52E-34 5.93E-31 
S2 
(proneural) GO:1901360 organic cyclic compound metabolic process 4.00E-34 5.62E-31 
S2 
(proneural) GO:0044260 cellular macromolecule metabolic process 9.07E-33 1.09E-29 
S2 
(proneural) GO:0006807 nitrogen compound metabolic process 1.13E-30 1.20E-27 
S2 
(proneural) GO:0006396 RNA processing 5.48E-29 5.13E-26 
S2 
(proneural) GO:0016070 RNA metabolic process 1.95E-28 1.65E-25 
S2 
(proneural) GO:0043170 macromolecule metabolic process 3.16E-26 2.42E-23 
S2 
(proneural) GO:0007049 cell cycle 6.26E-21 4.40E-18 
S2 
(proneural) GO:0008380 RNA splicing 1.07E-20 6.91E-18 
S2 
(proneural) GO:0044237 cellular metabolic process 9.15E-20 5.51E-17 
S2 
(proneural) GO:0044238 primary metabolic process 2.33E-19 1.31E-16 
S2 
(proneural) GO:0016071 mRNA metabolic process 9.81E-19 5.17E-16 
S2 
(proneural) GO:1903047 mitotic cell cycle process 1.93E-17 9.59E-15 






(proneural) GO:0006259 DNA metabolic process 2.08E-17 9.75E-15 
S2 
(proneural) GO:0051301 cell division 2.22E-17 9.85E-15 
S2 
(proneural) GO:0006397 mRNA processing 2.72E-17 1.15E-14 
S2 
(proneural) GO:0022402 cell cycle process 6.33E-17 2.54E-14 
S2 
(proneural) GO:0071704 organic substance metabolic process 3.92E-16 1.50E-13 
S2 
(proneural) GO:0009059 macromolecule biosynthetic process 2.91E-15 1.07E-12 
S2 
(proneural) GO:0007067 mitotic nuclear division 4.13E-15 1.45E-12 
S2 
(proneural) GO:0000280 nuclear division 4.56E-15 1.54E-12 
S2 
(proneural) GO:0034645 cellular macromolecule biosynthetic process 1.37E-14 4.45E-12 
S2 
(proneural) GO:0048285 organelle fission 3.78E-14 1.18E-11 
S2 
(proneural) GO:0009058 biosynthetic process 3.82E-14 1.15E-11 
S2 
(proneural) GO:1901576 organic substance biosynthetic process 7.40E-14 2.15E-11 
S2 
(proneural) GO:0044249 cellular biosynthetic process 1.46E-13 4.11E-11 
S2 
(proneural) GO:0008152 metabolic process 8.22E-13 2.24E-10 
S2 
(proneural) GO:0034660 ncRNA metabolic process 1.09E-12 2.87E-10 
S2 
(proneural) GO:0006281 DNA repair 3.44E-12 8.79E-10 
S2 
(proneural) GO:0051171 regulation of nitrogen compound metabolic process 7.48E-12 1.86E-09 
S2 
(proneural) GO:0034470 ncRNA processing 7.62E-12 1.84E-09 






(proneural) GO:0044271 cellular nitrogen compound biosynthetic process 2.71E-11 6.35E-09 
S2 
(proneural) GO:0006364 rRNA processing 4.67E-11 1.06E-08 
S2 
(proneural) GO:0016072 rRNA metabolic process 4.67E-11 1.04E-08 
S2 
(proneural) GO:0051276 chromosome organization 6.34E-11 1.37E-08 
S2 
(proneural) GO:0010556 regulation of macromolecule biosynthetic process 2.03E-10 4.29E-08 
S2 
(proneural) GO:2000112 
regulation of cellular macromolecule biosynthetic 
process 2.06E-10 4.24E-08 
S2 
(proneural) GO:0043933 macromolecular complex subunit organization 3.15E-10 6.32E-08 
S2 
(proneural) GO:0007346 regulation of mitotic cell cycle 4.14E-10 8.11E-08 
S2 
(proneural) GO:0019219 
regulation of nucleobase-containing compound 
metabolic process 5.72E-10 1.10E-07 
S2 
(proneural) GO:0000377 RNA splicing, via transesterification reactions  5.89E-10 1.10E-07 
S2 
(proneural) GO:0000375 RNA splicing, via transesterification reactions 5.89E-10 1.08E-07 
S2 
(proneural) GO:0000398 mRNA splicing, via spliceosome 5.89E-10 1.06E-07 
S2 
(proneural) GO:0010564 regulation of cell cycle process 7.84E-10 1.38E-07 
S2 
(proneural) GO:0015931 nucleobase-containing compound transport 1.42E-09 2.45E-07 
S2 
(proneural) GO:0034654 nucleobase-containing compound biosynthetic process 1.87E-09 3.15E-07 
S2 
(proneural) GO:1901987 regulation of cell cycle phase transition 2.25E-09 3.73E-07 
S2 
(proneural) GO:0034622 cellular macromolecular complex assembly 2.43E-09 3.95E-07 
S2 
(proneural) GO:0006260 DNA replication 2.54E-09 4.04E-07 






(proneural) GO:0009889 regulation of biosynthetic process 2.78E-09 4.35E-07 
S2 
(proneural) GO:1901362 organic cyclic compound biosynthetic process 3.40E-09 5.22E-07 
S2 
(proneural) GO:0050658 RNA transport 3.92E-09 5.90E-07 
S2 
(proneural) GO:0050657 nucleic acid transport 3.92E-09 5.80E-07 
S2 
(proneural) GO:0051236 establishment of RNA localization 3.92E-09 5.70E-07 
S2 
(proneural) GO:0022618 ribonucleoprotein complex assembly 4.89E-09 6.99E-07 
S2 
(proneural) GO:0018130 heterocycle biosynthetic process 5.79E-09 8.14E-07 
S2 
(proneural) GO:0051252 regulation of RNA metabolic process 6.78E-09 9.37E-07 
S2 
(proneural) GO:0031326 regulation of cellular biosynthetic process 7.59E-09 1.03E-06 
S2 
(proneural) GO:0019438 aromatic compound biosynthetic process 1.32E-08 1.77E-06 
S2 
(proneural) GO:0071826 ribonucleoprotein complex subunit organization 1.92E-08 2.54E-06 
S2 
(proneural) GO:1901990 regulation of mitotic cell cycle phase transition 3.11E-08 4.03E-06 
S2 
(proneural) GO:0010468 regulation of gene expression 3.40E-08 4.35E-06 
S2 
(proneural) GO:0006974 cellular response to DNA damage stimulus 3.65E-08 4.59E-06 
S2 
(proneural) GO:0051028 mRNA transport 9.71E-08 1.20E-05 
S2 
(proneural) GO:0032774 RNA biosynthetic process 1.08E-07 1.31E-05 
S2 
(proneural) GO:0031323 regulation of cellular metabolic process 1.39E-07 1.68E-05 
S2 
(proneural) GO:0006351 transcription, DNA-templated 1.80E-07 2.14E-05 






(proneural) GO:0097659 nucleic acid-templated transcription 1.80E-07 2.11E-05 
S2 
(proneural) GO:0051983 regulation of chromosome segregation 1.89E-07 2.19E-05 
S2 
(proneural) GO:0060255 regulation of macromolecule metabolic process 2.35E-07 2.68E-05 
S2 
(proneural) GO:0007059 chromosome segregation 4.09E-07 4.60E-05 
S2 
(proneural) GO:0051052 regulation of DNA metabolic process 4.44E-07 4.93E-05 
S2 
(proneural) GO:2001141 regulation of RNA biosynthetic process 7.64E-07 8.37E-05 
S2 
(proneural) GO:1903506 regulation of nucleic acid-templated transcription 7.64E-07 8.26E-05 
S2 
(proneural) GO:0006325 chromatin organization 8.51E-07 9.09E-05 
S2 
(proneural) GO:0006355 regulation of transcription, DNA-templated 9.36E-07 9.87E-05 
S2 
(proneural) GO:0065003 macromolecular complex assembly 1.09E-06 1.14E-04 
S2 
(proneural) GO:0080090 regulation of primary metabolic process 1.51E-06 1.55E-04 
S2 
(proneural) GO:0044085 cellular component biogenesis 2.16E-06 2.20E-04 
S2 
(proneural) GO:0006412 translation 2.21E-06 2.22E-04 
S2 
(proneural) GO:0051168 nuclear export 3.40E-06 3.37E-04 
S2 
(proneural) GO:0009987 cellular process 3.76E-06 3.69E-04 
S2 
(proneural) GO:0006310 DNA recombination 4.56E-06 4.42E-04 
S2 
(proneural) GO:0006401 RNA catabolic process 6.95E-06 6.67E-04 
S2 
(proneural) GO:0019222 regulation of metabolic process 7.92E-06 7.50E-04 






(proneural) GO:0016568 chromatin modification 8.58E-06 8.04E-04 
S2 
(proneural) GO:0033119 negative regulation of RNA splicing 8.67E-06 8.04E-04 
S2 
(proneural) GO:0051726 regulation of cell cycle 1.09E-05 9.97E-04 
S2 
(proneural) GO:0090305 nucleic acid phosphodiester bond hydrolysis 1.25E-05 1.13E-03 
S2 
(proneural) GO:0022613 ribonucleoprotein complex biogenesis 1.42E-05 1.28E-03 
S2 
(proneural) GO:0000387 spliceosomal snRNP assembly 1.56E-05 1.38E-03 
S2 
(proneural) GO:0033365 protein localization to organelle 1.64E-05 1.44E-03 
S2 
(proneural) GO:0006275 regulation of DNA replication 1.84E-05 1.60E-03 
S2 
(proneural) GO:0007088 regulation of mitotic nuclear division 1.95E-05 1.68E-03 
S2 
(proneural) GO:0043043 peptide biosynthetic process 2.12E-05 1.80E-03 
S2 
(proneural) GO:0051310 metaphase plate congression 2.25E-05 1.90E-03 
S2 
(proneural) GO:0010948 negative regulation of cell cycle process 2.25E-05 1.88E-03 
S2 
(proneural) GO:0000075 cell cycle checkpoint 2.27E-05 1.88E-03 
S2 
(proneural) GO:0006402 mRNA catabolic process 2.27E-05 1.86E-03 
S2 
(proneural) GO:0006399 tRNA metabolic process 2.34E-05 1.90E-03 
S2 
(proneural) GO:0044267 cellular protein metabolic process 2.42E-05 1.95E-03 
S2 
(proneural) GO:1903312 negative regulation of mRNA metabolic process 3.31E-05 2.63E-03 
S2 
(proneural) GO:0048025 negative regulation of mRNA splicing, via spliceosome 3.40E-05 2.68E-03 






(proneural) GO:0006405 RNA export from nucleus 4.08E-05 3.19E-03 
S2 
(proneural) GO:0032204 regulation of telomere maintenance 4.16E-05 3.22E-03 
S2 
(proneural) GO:0006913 nucleocytoplasmic transport 4.32E-05 3.31E-03 
S2 
(proneural) GO:0051169 nuclear transport 4.32E-05 3.28E-03 
S2 
(proneural) GO:0033044 regulation of chromosome organization 4.33E-05 3.26E-03 
S2 
(proneural) GO:0001756 somitogenesis 4.75E-05 3.54E-03 
S2 
(proneural) GO:0035282 segmentation 4.75E-05 3.51E-03 
S2 
(proneural) GO:0051783 regulation of nuclear division 5.04E-05 3.70E-03 
S2 
(proneural) GO:0033045 regulation of sister chromatid segregation 5.59E-05 4.07E-03 
S2 
(proneural) GO:0071840 cellular component organization or biogenesis 6.96E-05 5.02E-03 
S2 
(proneural) GO:0007051 spindle organization 8.22E-05 5.88E-03 
S2 
(proneural) GO:0006289 nucleotide-excision repair 9.20E-05 6.52E-03 
S2 
(proneural) GO:0032259 methylation 9.76E-05 6.86E-03 
 
  





Table S2.9C. Enriched GO terms from HGG SAM analyses (FDR cutoff 0.0001) - S3 
Table S2.9C. Enriched GO terms from HGG SAM analyses (FDR cutoff 0.0001) - S3 
Subtype GO Term Description P-value FDR q-value 
S3 (neural) GO:0099536 synaptic signaling 
2.44E-
06 1.79E-02 
S3 (neural) GO:0099537 trans-synaptic signaling 
2.44E-
06 8.93E-03 
S3 (neural) GO:0007268 synaptic transmission 
2.44E-
06 5.95E-03 
S3 (neural) GO:0050804 modulation of synaptic transmission 
1.43E-
05 2.62E-02 
S3 (neural) GO:0050877 neurological system process 
1.90E-
05 2.78E-02 
S3 (neural) GO:0007270 neuron-neuron synaptic transmission 
3.63E-
05 4.42E-02 














HGG 1 Location   HGG 2 Location 
Chromosome Start End   Chromosome Start End 
235344 
  BS   DI 
Gain 
6 3407797 149520604  1 84771143 96148343 
    5 24498907 40604784 
    5 43178200 45514283 
    6 3386664 125527378 
    13 55502290 74249044 
    19 37295134 37505277 
Loss 
2 86040946 90813486   11 52603926 121796672 
8 49770240 69609457   14 68219133 68432377 
10 91355355 116504740   15 42866402 54539782 
13 17168563 29133133         
13 116505113 120606172         
14 79020241 115431576         
16 66635653 86219861         
17 35948984 42090956         
         
236024 
  CTX   OFB 
Gain 
4 111551341 112104179  4 111634766 112114746 
6 3734548 138332452  6 3373820 106180182 
Loss 
1 109642970 119351601   None     
2 85392180 89836288         
5 9630570 19355183         
8 99365014 106947658         
10 99835535 106828005         
13 116761502 120606172         
14 78985869 91624735         





14 105500491 112936324         
15 13453095 24598294         
15 42245596 54539782         
16 59482110 83786212         
         
244706 
   OFB   BS 
Gain 
6 3763705 138332452  1 9863 169875650 
    6 3024849 131473159 
Loss 
1 159251360 170278139   2 137186961 149502225 
1 175677083 176180255   4 144867593 146628899 
2 137634657 149072625   8 14227242 17834414 
4 144867593 146659327   11 33530019 47916916 
11 71035484 71319408   11 62582530 72429309 
13 116761502 118916994   12 26428637 31422158 
        13 116754485 119063864 
        16 59406082 90816204 
         
244939 
  CTX   OFB 
Gain 17 30169694 30650214  6 3024849 105935318 
Loss 5 104804922 105242139   5 104488686 105176403 
         
245116 
  CTX   DI 
Loss 
4 111579573 112104179   2 136784609 149072625 
4 112114745 113386023   4 111579573 112091073 
12 16353603 30880108   4 112304580 113356036 
        12 16353603 31508274 
        13 116743684 119063864 
         
246270 
  CTX   OFB 
Loss 13 116754485 119072276   None     





         
CNA in Rb, RTK/MAPK/PI3K, and Trp53 pathway genes 
Mouse 
ID 
  Genotype Common CNA Unique CNA 
235344   TR 
Ccnd2, Braf, Kras, 
Raf1 
E2f7, Stat3, Stat5a, Stat5b, Erbb2, Met, Map2k3, Map2k4, 
Map3k3, Mapk7, Trp53 
236024  TRP+/- 
Ccnd2, Met, Braf, 
Kras, Raf1 
E2f2 
244706   TRP+/- 
Ccnd2, Met, Braf, 
Kras, Raf1 
Stat1, Map2k4, Mdm4, Trp53 
244939  TRP+/- None Ccnd2, Met, Braf, Kras, Raf1 
245116   TRP+/- None E2f6 
246270   TRP-/- None None 
 
  





Table S2.11. Transcriptome subtypes in GEM HGG validation set 
Sample 
TCGA GBM Subtype 
Prediction (Fig. 5D) 
HGG Subtype Cohort 
GSM566195 Mesenchymal S1 GSE22927 
GSM566350 Mesenchymal S1 GSE22927 
GSM566352 Mesenchymal S1 GSE22927 
GSM566354 Mesenchymal S1 GSE22927 
GSM566358 Mesenchymal S1 GSE22927 
GSM566359 Mesenchymal S1 GSE22927 
GSM566362 Mesenchymal S1 GSE22927 
GSM566405 Mesenchymal S1 GSE22927 
GSM566407 Mesenchymal S1 GSE22927 
GSM566410 Mesenchymal S1 GSE22927 
GSM566416 Mesenchymal S1 GSE22927 
GSM648523 Mesenchymal S1 GSE22927 
GSM566365 Classical S2 GSE22927 
GSM566415 Classical S2 GSE22927 
GSM566347 Mesenchymal S2 GSE22927 
GSM566364 Mesenchymal S2 GSE22927 
GSM566411 Mesenchymal S2 GSE22927 
GSM566351 Proneural S2 GSE22927 
GSM566361 Proneural S2 GSE22927 
GSM566363 Proneural S2 GSE22927 
GSM566366 Proneural S2 GSE22927 
GSM566367 Proneural S2 GSE22927 
GSM566406 Proneural S2 GSE22927 
GSM566412 Proneural S2 GSE22927 
GSM566414 Proneural S2 GSE22927 
GSM566417 Classical S3 GSE22927 
GSM566409 Mesenchymal S3 GSE22927 
GSM566346 Neural S3 GSE22927 





GSM566348 Neural S3 GSE22927 
GSM566349 Neural S3 GSE22927 
GSM566353 Neural S3 GSE22927 
GSM566355 Neural S3 GSE22927 
GSM566360 Neural S3 GSE22927 
GSM566418 Neural S3 GSE22927 
GSM566356 Proneural S3 GSE22927 
GSM566357 Proneural S3 GSE22927 
GSM566408 Proneural S3 GSE22927 
GSM566413 Proneural S3 GSE22927 
GSM729233 Proneural S2 GSE29458 
GSM729234 Proneural S2 GSE29458 
GSM729235 Proneural S2 GSE29458 
GSM729237 Proneural S2 GSE29458 
GSM729238 Proneural S2 GSE29458 
GSM729239 Proneural S2 GSE29458 
GSM729240 Proneural S2 GSE29458 
GSM729241 Proneural S2 GSE29458 
GSM729242 Proneural S2 GSE29458 
GSM729243 Proneural S2 GSE29458 
GSM729244 Proneural S2 GSE29458 
GSM729245 Proneural S2 GSE29458 
GSM729246 Proneural S2 GSE29458 
GSM729247 Proneural S2 GSE29458 
GSM729251 Proneural S2 GSE29458 
GSM729253 Normal S3 GSE29458 
GSM729254 Normal S3 GSE29458 
GSM729255 Normal S3 GSE29458 
GSM729236 Proneural S3 GSE29458 
GSM729248 Proneural S3 GSE29458 
GSM729249 Proneural S3 GSE29458 





GSM729250 Proneural S3 GSE29458 
GSM729252 Proneural S3 GSE29458 
GSM877357 Mesenchymal S1 GSE35917 
GSM877360 Mesenchymal S1 GSE35917 
GSM877361 Mesenchymal S1 GSE35917 
GSM877362 Mesenchymal S1 GSE35917 
GSM877363 Mesenchymal S1 GSE35917 
GSM877364 Mesenchymal S1 GSE35917 
GSM877369 Mesenchymal S1 GSE35917 
GSM877377 Mesenchymal S1 GSE35917 
GSM877378 Mesenchymal S1 GSE35917 
GSM877379 Mesenchymal S1 GSE35917 
GSM877380 Mesenchymal S1 GSE35917 
GSM877381 Mesenchymal S1 GSE35917 
GSM877382 Mesenchymal S1 GSE35917 
GSM877383 Mesenchymal S1 GSE35917 
GSM877385 Mesenchymal S1 GSE35917 
GSM877386 Mesenchymal S1 GSE35917 
GSM877359 Mesenchymal S3 GSE35917 
GSM877358 Neural S3 GSE35917 
GSM877370 Neural S3 GSE35917 
GSM877371 Neural S3 GSE35917 
GSM877372 Neural S3 GSE35917 
GSM877384 Neural S3 GSE35917 
GSM877365 Normal S3 GSE35917 
GSM877366 Normal S3 GSE35917 
GSM877367 Normal S3 GSE35917 
GSM877368 Normal S3 GSE35917 
GSM877373 Normal S3 GSE35917 
GSM877374 Normal S3 GSE35917 
GSM877375 Normal S3 GSE35917 





GSM877376 Normal S3 GSE35917 
 




PN N NL CL MES 
S1 0 0 0 0 28 28 
S2 23 0 0 2 3 28 
S3 9 12 11 1 2 35 
Total 32 12 11 3 33 91 
Fisher's P<0.0001 
       
Abbreviations   
PN Proneural   
N Normal   
NL Neural   
CL Classical   
MES Mesenchymal   
 
  





Table S2.12. Consensus clustering of GEM, PDX, and human TCGA GBM (Fig. 6) 
Sample ID ClusterID Tumor Type TCGA subtype Cluster Silhouette width Clustered Subtype 
MV51_232366 1 GEM NA 1 0.027 MES 
MV51_233106 2 GEM NA 2 0.163 NL 
MV51_233117 3 GEM NA 3 0.211 PN 
MV51_233352 3 GEM NA 3 -0.179 PN 
MV51_234451 2 GEM NA 2 0.175 NL 
MV51_234458 2 GEM NA 2 -0.062 NL 
MV51_234750 3 GEM NA 3 -0.253 PN 
MV51_235316 2 GEM NA 2 0.048 NL 
MV51_235344 4 GEM NA 4 0.266 NT 
MV51_235791 3 GEM NA 3 0.159 PN 
MV51_236024 5 GEM NA 5 -0.028 CL 
MV51_236070 5 GEM NA 5 0.055 CL 
MV51_241102 2 GEM NA 2 -0.017 NL 
MV51_241898 3 GEM NA 3 0.191 PN 
MV51_242092 2 GEM NA 2 0.097 NL 
MV51_242486 4 GEM NA 4 0.275 NT 
MV55_244189 4 GEM NA 4 0.246 NT 
MV55_244605 3 GEM NA 3 -0.301 PN 
MV55_244706 3 GEM NA 3 0.114 PN 
MV55_244706 5 GEM NA 5 -0.008 CL 
MV55_244939 4 GEM NA 4 0.379 NT 
MV55_245016 1 GEM NA 1 -0.055 MES 
MV55_245116 2 GEM NA 2 -0.190 NL 
MV55_245116 2 GEM NA 2 -0.106 NL 
MV55_245586 1 GEM NA 1 0.019 MES 
MV55_245662 2 GEM NA 2 0.140 NL 
MV55_245665 3 GEM NA 3 0.041 PN 
MV55_245936 1 GEM NA 1 0.011 MES 
MV55_246270 3 GEM NA 3 -0.119 PN 





MV62_235344 5 GEM NA 5 -0.027 CL 
MV62_236024 5 GEM NA 5 -0.007 CL 
MV62_243852 3 GEM NA 3 -0.225 PN 
MV62_244190 5 GEM NA 5 0.047 CL 
MV62_244939 4 GEM NA 4 0.383 NT 
MV62_245237 4 GEM NA 4 0.328 NT 
MV62_245304 2 GEM NA 2 0.064 NL 
MV62_245660 1 GEM NA 1 -0.019 MES 
MV62_245660 3 GEM NA 3 0.268 PN 
MV62_245861 4 GEM NA 4 0.369 NT 
MV62_246270 2 GEM NA 2 -0.153 NL 
MV62_246300 1 GEM NA 1 0.097 MES 
MV62_246302 5 GEM NA 5 0.119 CL 
MV62_246742 5 GEM NA 5 0.053 CL 
GBM10 3 PDX NA 3 -0.029 PN 
GBM102 2 PDX NA 2 0.031 NL 
GBM116 3 PDX NA 3 0.037 PN 
GBM117 2 PDX NA 2 0.125 NL 
GBM12 3 PDX NA 3 0.047 PN 
GBM16 5 PDX NA 5 -0.027 CL 
GBM22 2 PDX NA 2 0.052 NL 
GBM36 5 PDX NA 5 0.143 CL 
GBM38 2 PDX NA 2 0.041 NL 
GBM43 2 PDX NA 2 0.107 NL 
GBM46 3 PDX NA 3 -0.006 PN 
GBM5 1 PDX NA 1 0.031 MES 
GBM55 3 PDX NA 3 -0.040 PN 
GBM6 2 PDX NA 2 0.018 NL 
GBM61 5 PDX NA 5 0.009 CL 
GBM64 1 PDX NA 1 0.112 MES 
GBM76 3 PDX NA 3 -0.048 PN 





GBM79 2 PDX NA 2 -0.105 NL 
GBM80 2 PDX NA 2 0.050 NL 
GBM84 3 PDX NA 3 -0.068 PN 
GBM85 1 PDX NA 1 -0.011 MES 
GBM91 3 PDX NA 3 -0.033 PN 
GBM59 3 PDX NA 3 0.070 PN 
GBM66 3 PDX NA 3 0.130 PN 
GBM14 2 PDX NA 2 0.117 NL 
GBM39 3 PDX NA 3 0.037 PN 
GBM44 3 PDX NA 3 -0.016 PN 
GS-2 5 PDX NA 5 -0.051 CL 
MDAGSC17 5 PDX NA 5 0.033 CL 
N30 5 PDX NA 5 0.109 CL 
NS2 5 PDX NA 5 0.084 CL 
HF2303 3 PDX NA 3 0.033 PN 
HF2354 5 PDX NA 5 0.151 CL 
HF2355 1 PDX NA 1 -0.035 MES 
HF2381 3 PDX NA 3 0.118 PN 
HF2414 3 PDX NA 3 0.055 PN 
SF7300 3 PDX NA 3 0.096 PN 
SF7796 2 PDX NA 2 0.165 NL 
X1016P16 3 PDX NA 3 0.094 PN 
TCGA_02_0038_01 5 TCGA GBM CL 5 0.001 CL 
TCGA_02_0057_01 2 TCGA GBM NL 2 0.240 NL 
TCGA_02_0055_01 1 TCGA GBM MES 1 0.337 MES 
TCGA_02_0058_01 4 TCGA GBM PN 4 0.290 NT 
TCGA_02_0047_01 3 TCGA GBM PN 3 0.106 PN 
TCGA_02_0024_01 3 TCGA GBM PN 3 0.135 PN 
TCGA_02_0003_01 3 TCGA GBM PN 3 -0.040 PN 
TCGA_02_0006_01 1 TCGA GBM MES 1 -0.210 MES 
TCGA_02_0007_01 2 TCGA GBM PN 2 -0.022 NL 





TCGA_02_0046_01 3 TCGA GBM PN 3 0.148 PN 
TCGA_02_0021_01 5 TCGA GBM CL 5 0.338 CL 
TCGA_02_0009_01 5 TCGA GBM CL 5 0.319 CL 
TCGA_02_0014_01 3 TCGA GBM PN 3 0.173 PN 
TCGA_02_0034_01 1 TCGA GBM MES 1 0.175 MES 
TCGA_02_0060_01 3 TCGA GBM PN 3 -0.144 PN 
TCGA_02_0001_01 2 TCGA GBM CL 2 0.183 NL 
TCGA_02_0037_01 5 TCGA GBM CL 5 0.278 CL 
TCGA_02_0043_01 5 TCGA GBM CL 5 0.301 CL 
TCGA_02_0052_01 3 TCGA GBM NL 3 0.050 PN 
TCGA_02_0033_01 1 TCGA GBM MES 1 0.421 MES 
TCGA_02_0028_01 3 TCGA GBM PN 3 0.190 PN 
TCGA_02_0027_01 5 TCGA GBM CL 5 0.063 CL 
TCGA_02_0054_01 2 TCGA GBM MES 2 0.154 NL 
TCGA_02_0011_01 3 TCGA GBM PN 3 0.108 PN 
TCGA_02_0010_01 3 TCGA GBM PN 3 0.215 PN 
TCGA_02_0002_01 2 TCGA GBM NL 2 0.227 NL 
TCGA_02_0107_01 1 TCGA GBM MES 1 0.124 MES 
TCGA_02_0064_01 1 TCGA GBM MES 1 0.275 MES 
TCGA_02_0071_01 5 TCGA GBM CL 5 0.072 CL 
TCGA_02_0080_01 3 TCGA GBM PN 3 0.054 PN 
TCGA_02_0086_01 1 TCGA GBM MES 1 0.107 MES 
TCGA_02_0074_01 3 TCGA GBM PN 3 0.312 PN 
TCGA_02_0089_01 2 TCGA GBM NL 2 0.278 NL 
TCGA_02_0115_01 2 TCGA GBM NL 2 0.048 NL 
TCGA_02_0116_01 5 TCGA GBM MES 5 0.245 CL 
TCGA_02_0099_01 2 TCGA GBM MES 2 0.155 NL 
TCGA_02_0069_01 3 TCGA GBM PN 3 0.240 PN 
TCGA_02_0102_01 5 TCGA GBM CL 5 0.244 CL 
TCGA_02_0085_01 2 TCGA GBM MES 2 0.050 NL 
TCGA_02_0113_01 2 TCGA GBM NL 2 -0.022 NL 





TCGA_02_0083_01 2 TCGA GBM NL 2 0.072 NL 
TCGA_02_0114_01 3 TCGA GBM PN 3 0.250 PN 
TCGA_02_0075_01 1 TCGA GBM MES 1 0.158 MES 
TCGA_06_0169_01 1 TCGA GBM MES 1 0.023 MES 
TCGA_06_0133_01 2 TCGA GBM NL 2 -0.155 NL 
TCGA_06_0147_01 1 TCGA GBM MES 1 0.311 MES 
TCGA_06_0125_01 5 TCGA GBM CL 5 0.292 CL 
TCGA_06_0130_01 1 TCGA GBM MES 1 0.376 MES 
TCGA_06_0129_01 3 TCGA GBM PN 3 0.193 PN 
TCGA_06_0141_01 1 TCGA GBM MES 1 -0.174 MES 
TCGA_06_0122_01 5 TCGA GBM MES 5 0.038 CL 
TCGA_06_0139_01 1 TCGA GBM MES 1 0.318 MES 
TCGA_06_0126_01 5 TCGA GBM CL 5 0.126 CL 
TCGA_06_0124_01 1 TCGA GBM MES 1 0.028 MES 
TCGA_06_0128_01 3 TCGA GBM PN 3 0.140 PN 
TCGA_06_0143_01 5 TCGA GBM MES 5 0.003 CL 
TCGA_06_0221_01 4 TCGA GBM NL 4 0.243 NT 
TCGA_06_0157_01 5 TCGA GBM CL 5 0.059 CL 
TCGA_06_0190_01 1 TCGA GBM MES 1 0.225 MES 
TCGA_06_0237_01 2 TCGA GBM NL 2 -0.102 NL 
TCGA_06_0189_01 1 TCGA GBM MES 1 0.282 MES 
TCGA_06_0185_01 2 TCGA GBM NL 2 0.046 NL 
TCGA_06_0197_01 1 TCGA GBM MES 1 0.330 MES 
TCGA_06_0184_01 2 TCGA GBM MES 2 0.198 NL 
TCGA_06_0195_01 4 TCGA GBM NL 4 0.368 NT 
TCGA_06_0219_01 2 TCGA GBM NL 2 -0.084 NL 
TCGA_06_0206_01 1 TCGA GBM MES 1 0.388 MES 
TCGA_06_0158_01 2 TCGA GBM CL 2 0.111 NL 
TCGA_06_0241_01 3 TCGA GBM PN 3 0.229 PN 
TCGA_06_0168_01 2 TCGA GBM MES 2 0.104 NL 
TCGA_06_0209_01 1 TCGA GBM NA 1 0.034 MES 





TCGA_06_0201_01 1 TCGA GBM MES 1 0.080 MES 
TCGA_06_0214_01 2 TCGA GBM NL 2 0.137 NL 
TCGA_06_0213_01 1 TCGA GBM NL 1 -0.081 MES 
TCGA_06_0174_01 3 TCGA GBM PN 3 0.228 PN 
TCGA_06_0154_01 1 TCGA GBM MES 1 0.084 MES 
TCGA_06_0188_01 3 TCGA GBM NL 3 -0.106 PN 
TCGA_06_0166_01 3 TCGA GBM PN 3 0.124 PN 
TCGA_06_0171_01 2 TCGA GBM NL 2 -0.083 NL 
TCGA_06_0173_01 2 TCGA GBM NL 2 0.133 NL 
TCGA_06_0187_01 5 TCGA GBM CL 5 0.250 CL 
TCGA_06_0132_01 2 TCGA GBM NL 2 -0.113 NL 
TCGA_16_0848_01 3 TCGA GBM PN 3 0.162 PN 
TCGA_16_0849_01 3 TCGA GBM PN 3 -0.007 PN 
TCGA_12_0827_01 2 TCGA GBM MES 2 0.110 NL 
TCGA_06_0875_01 3 TCGA GBM PN 3 0.275 PN 
TCGA_14_0871_01 3 TCGA GBM MES 3 0.045 PN 
TCGA_12_0822_01 1 TCGA GBM NL 1 -0.062 MES 
TCGA_06_0876_01 5 TCGA GBM CL 5 0.077 CL 
TCGA_16_0846_01 3 TCGA GBM PN 3 -0.094 PN 
TCGA_16_0850_01 3 TCGA GBM PN 3 0.240 PN 
TCGA_06_0881_01 1 TCGA GBM MES 1 0.347 MES 
TCGA_14_0813_01 3 TCGA GBM PN 3 0.004 PN 
TCGA_12_0820_01 3 TCGA GBM CL 3 0.099 PN 
TCGA_14_0867_01 5 TCGA GBM MES 5 -0.081 CL 
TCGA_06_0879_01 5 TCGA GBM CL 5 0.212 CL 
TCGA_06_0877_01 5 TCGA GBM CL 5 0.272 CL 
TCGA_12_0821_01 3 TCGA GBM NL 3 0.010 PN 
TCGA_14_0789_01 1 TCGA GBM MES 1 0.112 MES 
TCGA_12_0828_01 5 TCGA GBM NL 5 -0.024 CL 
TCGA_06_0882_01 2 TCGA GBM NL 2 0.233 NL 
TCGA_14_0817_01 2 TCGA GBM NL 2 0.215 NL 





TCGA_06_0878_01 5 TCGA GBM MES 5 0.199 CL 
TCGA_14_0787_01 5 TCGA GBM CL 5 0.182 CL 
TCGA_12_0826_01 2 TCGA GBM NL 2 0.077 NL 
TCGA_12_0670_01 2 TCGA GBM NL 2 -0.106 NL 
TCGA_16_0861_01 2 TCGA GBM CL 2 0.046 NL 
TCGA_12_0819_01 2 TCGA GBM CL 2 -0.110 NL 
TCGA_12_0829_01 2 TCGA GBM MES 2 0.204 NL 
TCGA_12_0818_01 3 TCGA GBM PN 3 0.044 PN 
TCGA_19_0960_01 3 TCGA GBM PN 3 0.130 PN 
TCGA_14_1454_01 3 TCGA GBM PN 3 0.191 PN 
TCGA_12_1093_01 2 TCGA GBM MES 2 0.091 NL 
TCGA_14_1034_01 1 TCGA GBM MES 1 -0.194 MES 
TCGA_14_1396_01 1 TCGA GBM MES 1 0.079 MES 
TCGA_12_1096_01 2 TCGA GBM MES 2 0.102 NL 
TCGA_12_1098_01 5 TCGA GBM CL 5 0.070 CL 
TCGA_14_1402_01 5 TCGA GBM CL 5 0.183 CL 
TCGA_12_1099_01 3 TCGA GBM PN 3 0.114 PN 
TCGA_14_1452_01 5 TCGA GBM MES 5 0.159 CL 
TCGA_14_1459_01 2 TCGA GBM NL 2 0.140 NL 
TCGA_15_1446_01 2 TCGA GBM CL 2 -0.045 NL 
TCGA_12_1097_01 2 TCGA GBM NL 2 0.063 NL 
TCGA_12_1089_01 4 TCGA GBM NL 4 0.217 NT 
TCGA_12_1095_01 2 TCGA GBM MES 2 0.135 NL 
TCGA_14_0736_01 2 TCGA GBM MES 2 0.035 NL 
TCGA_15_1449_01 3 TCGA GBM PN 3 -0.209 PN 
TCGA_19_0963_01 3 TCGA GBM NL 3 -0.282 PN 
TCGA_19_0955_01 2 TCGA GBM CL 2 0.069 NL 
TCGA_12_1091_01 5 TCGA GBM CL 5 0.240 CL 
TCGA_06_1086_01 5 TCGA GBM MES 5 0.023 CL 
TCGA_12_1090_01 5 TCGA GBM MES 5 0.135 CL 
TCGA_19_0962_01 2 TCGA GBM MES 2 0.193 NL 





TCGA_12_1092_01 2 TCGA GBM MES 2 0.046 NL 
TCGA_14_0783_01 2 TCGA GBM MES 2 -0.084 NL 
TCGA_06_0155_01 5 TCGA GBM MES 5 0.126 CL 
TCGA_12_1088_01 3 TCGA GBM MES 3 0.039 PN 
TCGA_12_1094_01 5 TCGA GBM CL 5 0.136 CL 
TCGA_14_1401_01 3 TCGA GBM PN 3 -0.107 PN 
TCGA_14_1451_01 3 TCGA GBM PN 3 0.138 PN 
TCGA_14_0786_01 5 TCGA GBM CL 5 0.294 CL 
TCGA_06_1084_01 1 TCGA GBM MES 1 0.212 MES 
TCGA_06_1087_01 3 TCGA GBM PN 3 0.121 PN 
TCGA_16_1055_01 5 TCGA GBM CL 5 -0.026 CL 
TCGA_16_1060_01 5 TCGA GBM MES 5 0.126 CL 
TCGA_19_1392_01 3 TCGA GBM PN 3 0.140 PN 
TCGA_16_1045_01 2 TCGA GBM MES 2 0.160 NL 
TCGA_14_1453_01 5 TCGA GBM CL 5 0.062 CL 
TCGA_15_1447_01 4 TCGA GBM PN 4 0.216 NT 
TCGA_16_1063_01 2 TCGA GBM NL 2 -0.047 NL 
TCGA_16_1056_01 5 TCGA GBM CL 5 0.028 CL 
TCGA_26_1438_01 1 TCGA GBM MES 1 -0.098 MES 
TCGA_26_1443_01 5 TCGA GBM CL 5 0.310 CL 
TCGA_26_1440_01 2 TCGA GBM CL 2 -0.015 NL 
TCGA_19_0964_01 5 TCGA GBM CL 5 0.266 CL 
TCGA_16_1047_01 5 TCGA GBM CL 5 0.183 CL 
TCGA_16_1062_01 5 TCGA GBM CL 5 0.334 CL 
TCGA_02_0330_01 2 TCGA GBM MES 2 0.157 NL 
TCGA_02_0258_01 3 TCGA GBM PN 3 0.068 PN 
TCGA_02_0422_01 5 TCGA GBM CL 5 0.204 CL 
TCGA_02_0440_01 3 TCGA GBM PN 3 0.243 PN 
TCGA_08_0531_01 5 TCGA GBM CL 5 0.231 CL 
TCGA_02_0324_01 5 TCGA GBM NL 5 0.027 CL 
TCGA_06_0414_01 3 TCGA GBM PN 3 0.014 PN 





TCGA_02_0451_01 2 TCGA GBM NL 2 0.187 NL 
TCGA_02_0339_01 3 TCGA GBM PN 3 0.064 PN 
TCGA_06_0175_01 2 TCGA GBM MES 2 0.152 NL 
TCGA_02_0317_01 5 TCGA GBM CL 5 0.343 CL 
TCGA_06_0413_01 3 TCGA GBM PN 3 0.183 PN 
TCGA_06_0177_01 3 TCGA GBM PN 3 0.188 PN 
TCGA_08_0525_01 5 TCGA GBM CL 5 0.275 CL 
TCGA_08_0522_01 1 TCGA GBM MES 1 0.360 MES 
TCGA_06_0412_01 1 TCGA GBM MES 1 -0.165 MES 
TCGA_08_0520_01 2 TCGA GBM NL 2 0.066 NL 
TCGA_06_0149_01 5 TCGA GBM MES 5 -0.040 CL 
TCGA_02_0289_01 5 TCGA GBM CL 5 0.276 CL 
TCGA_06_0194_01 1 TCGA GBM MES 1 0.123 MES 
TCGA_02_0285_01 5 TCGA GBM CL 5 0.215 CL 
TCGA_06_0179_01 2 TCGA GBM NL 2 -0.052 NL 
TCGA_06_0162_01 2 TCGA GBM NL 2 -0.046 NL 
TCGA_02_0290_01 5 TCGA GBM CL 5 0.258 CL 
TCGA_02_0321_01 3 TCGA GBM PN 3 0.120 PN 
TCGA_02_0439_01 3 TCGA GBM PN 3 0.000 PN 
TCGA_08_0517_01 3 TCGA GBM PN 3 0.109 PN 
TCGA_02_0106_01 1 TCGA GBM MES 1 0.125 MES 
TCGA_02_0269_01 5 TCGA GBM CL 5 0.311 CL 
TCGA_06_0410_01 3 TCGA GBM PN 3 0.041 PN 
TCGA_08_0524_01 3 TCGA GBM PN 3 0.190 PN 
TCGA_02_0325_01 3 TCGA GBM PN 3 0.188 PN 
TCGA_02_0087_01 3 TCGA GBM PN 3 0.102 PN 
TCGA_08_0514_01 5 TCGA GBM CL 5 0.194 CL 
TCGA_08_0521_01 1 TCGA GBM CL 1 -0.185 MES 
TCGA_06_0394_01 5 TCGA GBM CL 5 0.291 CL 
TCGA_02_0266_01 5 TCGA GBM CL 5 0.103 CL 
TCGA_02_0333_01 5 TCGA GBM CL 5 0.263 CL 





TCGA_02_0332_01 5 TCGA GBM MES 5 -0.169 CL 
TCGA_06_0397_01 1 TCGA GBM MES 1 0.121 MES 
TCGA_02_0326_01 2 TCGA GBM MES 2 0.064 NL 
TCGA_08_0511_01 5 TCGA GBM CL 5 0.142 CL 
TCGA_08_0516_01 2 TCGA GBM CL 2 -0.092 NL 
TCGA_06_0409_01 1 TCGA GBM MES 1 0.188 MES 
TCGA_08_0518_01 5 TCGA GBM CL 5 0.327 CL 
TCGA_02_0271_01 5 TCGA GBM CL 5 0.058 CL 
TCGA_08_0510_01 5 TCGA GBM MES 5 0.076 CL 
TCGA_02_0111_01 1 TCGA GBM MES 1 0.114 MES 
TCGA_02_0446_01 3 TCGA GBM PN 3 0.043 PN 
TCGA_02_0281_01 3 TCGA GBM PN 3 0.250 PN 
TCGA_02_0456_01 1 TCGA GBM MES 1 0.306 MES 
TCGA_02_0337_01 2 TCGA GBM MES 2 0.037 NL 
TCGA_06_0164_01 1 TCGA GBM MES 1 0.137 MES 
TCGA_02_0338_01 3 TCGA GBM PN 3 0.147 PN 
TCGA_08_0512_01 1 TCGA GBM MES 1 0.317 MES 
TCGA_02_0432_01 3 TCGA GBM PN 3 -0.014 PN 
TCGA_08_0509_01 1 TCGA GBM MES 1 0.084 MES 
TCGA_08_0529_01 5 TCGA GBM CL 5 0.256 CL 
TCGA_06_0182_01 5 TCGA GBM NL 5 0.018 CL 
TCGA_06_0402_01 5 TCGA GBM CL 5 0.318 CL 
TCGA_02_0430_01 5 TCGA GBM CL 5 0.316 CL 
TCGA_02_0260_01 5 TCGA GBM CL 5 0.276 CL 
TCGA_06_0146_01 3 TCGA GBM PN 3 0.173 PN 
TCGA_08_0356_01 5 TCGA GBM CL 5 0.156 CL 
TCGA_08_0346_01 1 TCGA GBM MES 1 0.095 MES 
TCGA_02_0039_01 1 TCGA GBM MES 1 -0.018 MES 
TCGA_08_0389_01 3 TCGA GBM NL 3 -0.025 PN 
TCGA_08_0350_01 3 TCGA GBM PN 3 0.283 PN 
TCGA_08_0392_01 1 TCGA GBM MES 1 0.281 MES 





TCGA_08_0355_01 5 TCGA GBM CL 5 0.069 CL 
TCGA_02_0068_01 5 TCGA GBM CL 5 0.141 CL 
TCGA_08_0390_01 1 TCGA GBM MES 1 -0.129 MES 
TCGA_08_0359_01 3 TCGA GBM PN 3 -0.053 PN 
TCGA_02_0059_01 1 TCGA GBM MES 1 0.353 MES 
TCGA_08_0380_01 2 TCGA GBM NL 2 0.119 NL 
TCGA_02_0016_01 2 TCGA GBM CL 2 -0.004 NL 
TCGA_08_0357_01 5 TCGA GBM CL 5 0.074 CL 
TCGA_08_0353_01 5 TCGA GBM PN 5 0.047 CL 
TCGA_02_0015_01 5 TCGA GBM CL 5 0.117 CL 
TCGA_08_0385_01 3 TCGA GBM PN 3 0.257 PN 
TCGA_08_0348_01 3 TCGA GBM PN 3 0.244 PN 
TCGA_08_0354_01 5 TCGA GBM CL 5 0.189 CL 
TCGA_08_0244_01 2 TCGA GBM CL 2 0.094 NL 
TCGA_08_0246_01 5 TCGA GBM CL 5 0.102 CL 
TCGA_08_0375_01 5 TCGA GBM CL 5 0.294 CL 
TCGA_02_0026_01 3 TCGA GBM PN 3 0.151 PN 
TCGA_08_0347_01 3 TCGA GBM PN 3 0.051 PN 
TCGA_02_0004_01 1 TCGA GBM MES 1 0.276 MES 
TCGA_02_0104_01 3 TCGA GBM PN 3 -0.110 PN 
TCGA_02_0070_01 5 TCGA GBM CL 5 0.167 CL 
TCGA_02_0051_01 1 TCGA GBM MES 1 0.341 MES 
TCGA_08_0245_01 3 TCGA GBM PN 3 0.222 PN 
TCGA_02_0048_01 3 TCGA GBM PN 3 -0.039 PN 
TCGA_08_0351_01 4 TCGA GBM PN 4 0.256 NT 
TCGA_08_0360_01 1 TCGA GBM MES 1 0.225 MES 
TCGA_08_0344_01 3 TCGA GBM PN 3 0.078 PN 
TCGA_02_0023_01 2 TCGA GBM CL 2 0.078 NL 
TCGA_02_0025_01 1 TCGA GBM MES 1 0.328 MES 
TCGA_08_0349_01 2 TCGA GBM NL 2 0.074 NL 
TCGA_06_0648_01 3 TCGA GBM PN 3 0.168 PN 





TCGA_12_0615_01 2 TCGA GBM CL 2 0.065 NL 
TCGA_06_0646_01 3 TCGA GBM PN 3 0.034 PN 
TCGA_06_0127_01 2 TCGA GBM CL 2 0.025 NL 
TCGA_12_0618_01 3 TCGA GBM PN 3 0.128 PN 
TCGA_08_0386_01 2 TCGA GBM NL 2 -0.097 NL 
TCGA_12_0619_01 1 TCGA GBM MES 1 0.099 MES 
TCGA_12_0620_01 5 TCGA GBM MES 5 0.101 CL 
TCGA_06_0645_01 2 TCGA GBM MES 2 0.139 NL 
TCGA_12_0616_01 3 TCGA GBM PN 3 0.249 PN 
TCGA_06_0238_01 3 TCGA GBM PN 3 -0.020 PN 
TCGA_08_0358_01 5 TCGA GBM CL 5 0.313 CL 
TCGA_02_0079_01 2 TCGA GBM MES 2 0.081 NL 
TCGA_06_0152_01 5 TCGA GBM MES 5 0.135 CL 
TCGA_08_0352_01 2 TCGA GBM MES 2 0.040 NL 
TCGA_08_0345_01 3 TCGA GBM PN 3 0.074 PN 
TCGA_02_0084_01 3 TCGA GBM PN 3 0.062 PN 
TCGA_08_0373_01 2 TCGA GBM MES 2 0.097 NL 
TCGA_06_0644_01 1 TCGA GBM MES 1 0.371 MES 
TCGA_06_0750_01 5 TCGA GBM MES 5 -0.076 CL 
TCGA_12_0703_01 5 TCGA GBM CL 5 0.082 CL 
TCGA_06_0192_01 1 TCGA GBM MES 1 0.175 MES 
TCGA_06_0745_01 5 TCGA GBM PN 5 -0.061 CL 
TCGA_06_0744_01 5 TCGA GBM CL 5 0.055 CL 
TCGA_15_0742_01 5 TCGA GBM CL 5 0.267 CL 
TCGA_12_0654_01 1 TCGA GBM MES 1 0.090 MES 
TCGA_12_0780_01 5 TCGA GBM CL 5 0.169 CL 
TCGA_12_0656_01 5 TCGA GBM CL 5 0.186 CL 
TCGA_12_0778_01 1 TCGA GBM MES 1 -0.164 MES 
TCGA_06_0743_01 5 TCGA GBM CL 5 0.107 CL 
TCGA_12_0772_01 1 TCGA GBM MES 1 -0.068 MES 
TCGA_12_0691_01 5 TCGA GBM NA 5 -0.180 CL 





TCGA_12_0688_01 5 TCGA GBM CL 5 0.320 CL 
TCGA_06_0749_01 4 TCGA GBM NL 4 0.256 NT 
TCGA_12_0773_01 1 TCGA GBM NL 1 -0.154 MES 
TCGA_12_0776_01 1 TCGA GBM MES 1 -0.018 MES 
TCGA_06_0686_01 3 TCGA GBM PN 3 0.093 PN 
TCGA_12_0769_01 5 TCGA GBM NA 5 0.179 CL 
TCGA_12_0657_01 5 TCGA GBM CL 5 0.222 CL 
TCGA_06_0649_01 2 TCGA GBM NL 2 0.201 NL 
TCGA_12_0775_01 1 TCGA GBM MES 1 0.041 MES 
TCGA_12_0707_01 2 TCGA GBM NL 2 0.070 NL 
TCGA_06_0747_01 5 TCGA GBM CL 5 0.160 CL 
TCGA_12_0662_01 1 TCGA GBM NA 1 0.037 MES 
TCGA_12_0692_01 5 TCGA GBM CL 5 0.106 CL 
TCGA_06_0678_11 4 TCGA GBM NT 4 0.569 NT 
TCGA_06_0681_11 4 TCGA GBM NT 4 0.584 NT 
TCGA_06_0676_11 4 TCGA GBM NT 4 0.576 NT 
TCGA_08_0626_11 4 TCGA GBM NT 4 0.581 NT 
TCGA_06_0673_11 4 TCGA GBM NT 4 0.592 NT 
TCGA_08_0625_11 4 TCGA GBM NT 4 0.565 NT 
TCGA_08_0627_11 4 TCGA GBM NT 4 0.584 NT 
TCGA_06_0675_11 4 TCGA GBM NT 4 0.597 NT 
TCGA_06_0680_11 4 TCGA GBM NT 4 0.602 NT 
TCGA_08_0623_11 4 TCGA GBM NT 4 0.564 NT 
 
  





Table S2.13. Cluster assignment of GEM and PDX models to TCGA GBM subtypes (Fig. 6) 
Proneural 
  clustered    
   PN non-PN  Chi-sq 231.83 
assigned 
PN 69 6  p-value 2.3802E-52 
non-PN 8 224   p (hyper) 5.7087E-52 
       
       
Mesenchymal 
  clustered    
   MES non-MES  Chi-sq 125.74 
assigned 
MES 54 41  p-value 3.5125E-29 
non-MES 4 208   p (hyper) 4.5952E-29 
  
  
   
  
  
   
Classical 
  clustered    
   CL non-CL  Chi-sq 150.43 
assigned 
CL 67 15  p-value 1.3973E-34 
non-CL 21 204   p (hyper) 4.9707E-34 
  
  
   
  
  
   
Neural 
  clustered    
   NL non-NL  Chi-sq 59.106 
assigned 
NL 30 15  p-value 1.4944E-14 
non-NL 37 225   p (hyper) 1.1425E-12 
  
  
   
  
  
   
Non-tumor 





  clustered    
   NT non-NT  Chi-sq 158.16 
assigned 
NT 10 0  p-value 2.8568E-36 
non-NT 7 290   p (hyper) 1.1005E-14 
 
  















Diagnosis aCGH samples 
250645 p53+/- F 91 Sac 63 Normal   
250868 p53+/- M 91 Sac 63 Normal  
250647 R;p53+/- F 91 Sac 63 Normal   
250867 R;p53+/- M 91 Sac 63 Normal  
247825 RP+/-;p53+/- F 211 Sac 64 Normal   
248111 RP+/-;p53+/- M 188 Sac 64 Normal  
249666 RP+/-;p53+/- F 79 Sac 64 Normal   
241718 T;p53+/- M 130 
Brain 
tumor 
301 GBM Fig S2.10D 
250643 T;p53+/- F 91 Sac 63 A2 CTX (Fig S2.10C) 
248104 TP+/-;p53+/- F 188 Sac 64 A2 OFB (Fig S2.10C) 
249301 TP+/-;p53+/- F 103 Sac 64 A2 OFB (Fig S2.10C) 
251674 TP+/-;p53+/- F 113 Sac 184 A2  
251676 TP+/-;p53+/- F 113 Sac 184 A2   
250644 TR;p53+/- F 91 Sac 63 A2 CTX, OFB (Fig S2.10C) 
250651 TR;p53+/- F 91 Sac 63 A2 CTX (Fig S2.10C) 
251213 TR;p53+/- F 102 Sac 64 A2  
247731 TRP+/-;p53+/- M 166 
Brain 
tumor 
39 A2   
249669 TRP+/-;p53+/- M 79 Sac 64 A3 CTX, OFB (Fig S2.10C) 
249670 TRP+/-;p53+/- M 79 Sac 64 A3 CTX, OFB (Fig S2.10C) 
251226 TRP+/-;p53+/- M 102 Sac 64 A2  





251685 TRP+/-;p53+/- M 113 
Brain 
tumor 











p53+/- Normal  2 
 
R;p53+/- Normal  2 
 
RP+/-;p53+/- Normal   3 
 
T;p53+/- 
LGG (A2) 1 1 
 
HGG (GBM) 1 1 
 
TP+/-;p53+/- LGG (A2) 2 4 
 
TR;p53+/- LGG (A2) 3 3 
 
TRP+/-;p53+/- 
LGG (A2)  2 
 
HGG (A3) 4 3 
 
Total 11 21 
 
     
  Mean SD Min Max 
Age at induction (days) 114.4 39.4 79 211 
Post-induction Survival (days) 86.0 61.5 39 301 
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Glioblastoma (GBM) is the most common and biologically aggressive primary brain tumor 
and has a dismal survival of 12-15 months. Current standard of care includes surgical resection 
followed by concurrent fractionated radiation and chemotherapy with temozolomide (3, 4). 
However, these treatments fail to prevent tumor recurrence. GBM continues to be diagnosed as 
a single disease entity based on histopathology, but these tumors display significant 
morphological, molecular, and biological heterogeneity. Indeed, comprehensive genomic profiling 
has identified multiple subtypes with distinct cellular composition, therapeutic responses, and 
clinical outcomes (5, 7, 8). Defining the underlying sources of the extensive heterogeneity in GBM 
would facilitate improved classification and development of mechanism-based strategies to 
manage these fatal diseases. 
Two models have been proposed to explain cancer heterogeneity (11). In the mutation 
model, distinct tumor subtypes develop via transformation of a single cell type by different 
oncogenic mutations. Support for this model in GBM has been obtained through large scale 
sequencing studies of surgically resected human tumors. These studies have shown common 
mutations in G1/S cell cycle checkpoint, receptor tyrosine kinase/mitogen activated protein 
kinase/phosphoinositide 3-kinase (RTK/MAPK/PI3K), and TP53 “core GBM signaling pathway” 
genes (12, 13). Genetically engineered mouse (GEM) models have become essential 
experimental tools for confirming the role of these mutations in driving tumorigenesis in the intact
                                                 
1 A version of this work was previously published as David M. Irvin, Robert S. McNeill, Ryan E. Bash, and C. Ryan 
Miller. Intrinsic astrocyte heterogeneity influences tumor growth in glioma mouse models. Brain Pathology. 
Accepted January, 13, 2016. 
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mammalian brain. Many, including loss-of-function mutations in Cdkn2a, Nf1, Pten, or Trp53 
tumor suppressor genes and activating mutations in Egfr, Kras, or Akt1 oncogenes, have been 
shown to produce gliomas when combined to transform cells of a single type: those expressing 
the glial fibrillary acidic protein (GFAP) (14-21). 
In contrast, the cellular origin model proposes that tumor subtypes arise via transformation 
of different cell types. Evidence supporting the cellular origin model in GBM was first obtained 
through comparative transcriptome profiling, which showed that human GBM subtypes harbor 
transcriptomes similar to purified mouse astrocytes, neurons, oligodendrocyte progenitor cells 
(OPC), and neural stem cells (NSC) (5). A variety of GEM models have shown that different 
mutations can transform each of these cells and induce gliomas. For example, mutations that 
inactivate RB family pocket proteins (18, 31, 32), Cdkn2a (20, 21, 25), Nf1 (33, 34), Pten (15, 18, 
32, 34), or Trp53 (15, 18, 25, 33-35) and activate Hras (19, 35), Kras (16, 21, 36) or Akt1 (36, 37) 
have been shown to transform terminally differentiated, GFAP+ astrocytes (hereafter GFAP 
astrocytes). The combination of Trp53 deletion and Hras activation has been shown to transform 
neurons expressing Synapsin 1 (Syn1) (35). Deletion of Cdkn2a (24), Nf1 (22, 38), or Trp53 (22, 
38), overexpression of Pdgfb (23), and activation of Kras (23, 24) or Akt1 (23, 24) has been shown 
to transform OPC expressing neural/glial antigen 2 (NG2, a proteoglycan encoded by Cspg4) or 
2’,3’-cyclic nucleotide 3’-phosphodiesterase (CNPase encoded by Cnp). Finally, deletion of 
Cdkn2a (20, 21, 25), Nf1 (26), Pten (25, 26), or Trp53 (20, 26) and activation of Kras (21, 36) or 
Akt1 (21, 36) has been shown to transform NSC that express the intermediate filament protein 
nestin (encoded by Nes). These GEM models collectively demonstrate that gliomas can arise via 
transformation of multiple cell types through a variety of core GBM pathway mutations. They also 
suggest that the interaction between tumor initiating mutations and cellular origin may further 
contribute to GBM heterogeneity. 
The most fundamental ramification of the cellular origin model of cancer heterogeneity is 
that the biological state of the initially transformed cell may profoundly influence tumor 
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pathogenesis. Biologic factors intrinsic to the initially transformed cell include its ontogeny or 
developmental origin. Biological factors extrinsic to the cell include the cellular and biochemical 
milieu present in its local/regional microenvironment. These factors may be particularly important 
for glioma pathogenesis, especially for tumors originating from terminally differentiated or 
“mature” astrocytes (hereafter astrocytes), the most common, heterogeneous, and widely 
distributed glial cell in the mammalian brain. 
Astrocytes are a diverse population of glial cells with distinct ontogenies and 
developmental origins (41). They arise during embryonic to early post-natal development from 
precursor populations located in different regions of the brain (42, 43). Astrocytes are produced 
during embryogenesis from stem-like radial glia in ventricular (VZ) and subventricular zones 
(SVZ). Maximal astrocyte production occurs perinatally (44) from intermediate progenitors in the 
VZ/SVZ (45, 46), as well as from local GFAP astrocytes in other brain regions (43). VZ/SVZ (106) 
and local astrocyte production decreases to low levels in the young adult brain (43). Thus, adult 
astrocytes are terminally differentiated and essentially quiescent. 
During the perinatal period, regional astrocyte diversity is generated in part through 
production from specific subsets of intermediate forebrain progenitors. Dorsal (Emx1+), medial 
(Dbx-1+), and intermediate (Nkx2.1+) progenitors have been shown to produce astrocytes in the 
cortex, diencephalon, and hypothalamus, respectively (47). These distinct cellular ontogenies 
could potentially explain the region-specific transcriptome programs that have been documented 
in the adult mouse brain (49-51), as well as region-specific expression of astrocyte markers, such 
as glutamate aspartate transporter (GLAST encoded by Slc1a3) and Kir4.1 (encoded by Kcnj10) 
(42, 54, 55, 107). Differential expression of astrocyte markers has been utilized to develop GEM 
models that target transgene expression to astrocyte subpopulations (47, 48). Whereas 
astrocytes expressing ALDH1L1 and to a lesser extent GFAP are abundant in most brain regions 
(52), GLAST astrocyte expression levels are more regionally restricted (54, 55, 108, 109). 
However, GEM glioma models developed to date have exclusively used the GFAP promoter to 
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target oncogenic mutations to astrocytes (14). Thus, it remains unclear whether astrocyte 
subpopulations are uniformly susceptible to transformation. One recent report showed regional 
differences in growth of cultured NF1-null astrocytes harvested from various regions of the 
neonatal mouse brain (51). However, it remains unclear whether intrinsic astrocyte heterogeneity 
impacts glioma pathogenesis in the intact, adult mammalian brain. 
Conditional, inducible GEM models are ideally suited for experimentally addressing the 
mutation and cellular origin models of cancer heterogeneity. We have developed such models 
using mutations in the G1/S and RTK core GBM pathways in adult GFAP+ brain cells (14, 32). To 
disrupt the G1/S checkpoint, we inactivated all three members of the Rb family of pocket proteins 
using a single GFAP-driven transgene encoding the N-terminal 121 amino acids of SV40 large T 
antigen (T121, T) (31). A conditional knock-in encoding constitutively active Kras (KrasG12D, R) and 
a conditional Pten knockout (PtenDel, P) were used to separately activate the two major effector 
arms of RTK signaling, MAPK and PI3K (12, 75-77). 
We have shown that T121 alone was sufficient for tumor initiation in adult mice (32). Also, 
we have showed that the addition of KrasG12D and PtenDel facilitated malignant progression to high 
grade disease (32). However, it remained unclear whether subpopulations of adult astrocytes 
would respond similarly to the same initial oncogenic mutations. To further explore this issue, we 
targeted TRP mutations to subpopulations of fully differentiated astrocytes using GFAP-CreER 
and GLAST-CreER in the intact adult brain and used genetic lineage tracing to monitor tumor 
growth and immunofluorescence-based fate mapping to map the fate of transformed cells over 
time. Here, we demonstrate that TRP mutations transform GFAP astrocytes into rapidly growing 
tumors that are broadly distributed in multiple regions of the brain. In contrast to GFAP+ 
astrocytes, targeting these same TRP mutations to the GLAST+ subpopulation produce slower 
growing tumor cells in culture, as well as more indolent tumors with regional differences in growth, 
significant microenvironmental responses from local, proliferating glia, and delayed malignant 
progression in vivo in the intact mammalian brain. The results from these experiments highlight 
  238  
the contribution of multiple intrinsic biological factors governing astrocyte heterogeneity to 
glioblastoma multiforme pathogenesis and open the door to future experiments exploring the 
influence of heterogeneity within an initiating cell type on resulting cancer development. 
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MATERIALS AND METHODS 
Mice. Heterozygous TgGZT121 (T) (31), KrasG12D+/lsl (R) (76), PtenloxP (P) (77), GFAP-CreER (110), 
GLAST-CreER (111), and Rosa26-tdTomato (112) mice were maintained on a C57/Bl6 
background. PCR genotyping was performed as previously described. Cre expression was 
induced in 3 month old adult mice by 5 daily intraperitoneal injections of 4-hydroxytamoxifen 
(Sigma-Aldrich, St Louis, MO) at 100 mg/kg. Induced mice were sacrificed 1, 3, 8, or 16 weeks 
after induction. Prior to sacrifice, mice were given 5'-ethynyl-2'-deoxyuridine (EdU) at 5 mg/kg via 
intraperitoneal injection 4 hours before transcardial perfusion with 4% para-formaldehyde to label 
dividing cells. Brains were dissected and post-fixed in 4% para-formaldehyde overnight at 4°C. 
All data were obtained from 3 mice per cohort with 2 exceptions: competing causes of morbidity 
in TRP;GLAST-CreER;tdTomato mice, primarily large subcutaneous lesions, required euthanasia 
and limited the number analyzed at 8 (N=2) and 16 weeks (N=1).  
Separate cohorts of TRP;GFAP-CreER (N=50) and TRP;GLAST-CreER (N=7) mice were 
aged to neurological morbidity and sacrificed upon development of lethargy, weight loss, 
deterioration in body condition, poor grooming, bulging skull, seizures, ataxia, or paralysis.   
Survival was analyzed by Kaplan-Meier plots and compared using log-rank tests in GraphPad 
Prism (San Diego, CA) as previously described (75). 
Focal tumor formation was induced in three month old TRP;tdTomato mice via stereotactic 
injection of 2x107 plaque forming units (1 µL) of Ad-GFAPCre (University of Iowa Gene Transfer 
Vector Core) into the OFB (coordinates 4, 0.6, 2.5) or SVZ (coordinates 1, 1.3, 3.3 A,L,D). Brains 
were analyzed after four weeks using immunofluorescence. Animal studies were approved by 
and followed the euthanasia guidelines of the University of North Carolina Institutional Animal 
Care and Use Committee. 
 
Cell culture. Primary GFAP+ TRP astrocytes were cultured in DMEM supplemented with 10% 
fetal bovine serum and 1% penicillin/streptomycin as previously described (75, 88). Cells were 
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sorted into GLAST+ and GLAST- subpopulations using a GLAST antibody (clone ACSA-1, Miltenyi 
Biotec, San Diego, CA, catalog 130-098-804, 1:100) and a Beckman Coulter MoFlo XDP in the 
UNC Flow Cytometry Facility. Cells were sorted in PBS supplemented with 1 mM EDTA, 25 mM 
HEPES pH 7.0, 1% BSA, and 1 µL/mL DNase and cultured as above. 
To examine growth of cultured astrocyte subpopulations, 5,000 cells per well were plated 
in quadruplicate in 96-well plates. Growth was assayed after 0-4 days using the CellTiter 96 
AQueous Proliferation Assay (Promega, Fitchburg, WI). Absorbance at 490 nm was determined 
on a Molecular Devices Emax plate reader (Chicago, IL) equipped with SoftMax Pro 5 software. 
Relative growth was calculated as absorbance relative to day 0. Data (mean ± SEM) were fit to a 
logarithmic equation to calculate doubling times that were compared using the extra-sum-of-
squares F test in GraphPad Prism. 
 
Immunohistochemistry (IHC) and immunocytochemistry (ICC). Fixed brains were embedded 
in 1% agarose (Promega) and 50 µm sagittal sections were cut using a Leica VT100S vibratome. 
Sections were permeabilized and blocked with 0.5% Triton X-100, 10% bovine serum albumin 
(BSA), 5% normal goat serum, and 0.01 M glycine in PBS for 1 hour. Sections were incubated in 
primary antibody overnight in 0.1% Triton X-100 in PBS. EdU was detected using a Click-It EdU 
imaging kit (Invitrogen, Grand Island, NY) per manufacturer’s instructions. Sections were washed 
and incubated for 4 hours with secondary antibody diluted in 0.1% Triton X100 in PBS. Slides 
were counterstained with DAPI and cover-slipped using PermaFluor (Thermo Scientific, Waltham, 
MA). The following primary antibodies were used: NeuN (EMD Millipore, Billerica, MA; MAB377; 
1:500), BLBP (EMD Millipore; AB2253; 1:500); GFAP (Dako, Carpinteria, CA; Z0334; 1:1000); 
PDGFRα (Cell Signaling, Danvers, MA; 3174; 1:500); Iba1 (Wako Chemicals, Richmond, VA; 
019-19741; 1:500); SV40 T antigen (EMD Millipore; DP02; 1:100); Nestin (Cell Signaling, 4760S; 
1:250); Ki-67 (EMD Millipore, Ab9260; 1:500). Secondary antibodies were cross-absorbed anti-
rabbit, mouse, or chicken IgG conjugated to CF488A, CF568 or CF647 (Biotium, Hayward, CA). 
  241  
Cultured TRP cell subpopulations sorted based on GLAST expression were seeded on 
Nunc Lab-Tek II chamber slides (Thermo Scientific) coated with poly-D lysine (Sigma-Aldrich). 
EdU (10 µM) was added to each well 12 hours prior to fixation with 4% para-formaldehyde for 10 
min. Slides were then blocked with 1% bovine serum albumin fraction V and 5% goat serum in 
PBS (Sigma-Aldrich) and incubated (30 min at 4°C) with primary or secondary antibodies listed 
above and diluted in PBS with 0.05% Triton X100. EdU was detected a Click-It EdU imaging kit. 
Slides were counterstained with DAPI and coverslipped using PermaFluor. 
 
Image analyses. For genetic lineage tracing and quantification of cells in situ, 3-5 random IHC 
images of the cortex (CTX), diencephalon (DI), brain stem (BS), and olfactory bulb (OFB) (Fig 
S3.1) were taken from each of 2-3 sagittal sections per mouse. Four random ICC images were 
taken from each of four chamber wells. Images were obtained using LSM710 and LSM 780 
confocal microscopes (Zeiss, Oberkochen, Germany) equipped with 20X objectives and ZEN 
2012 software. The percentage of DAPI+ cells expressing tdTomato or incorporating EdU was 
quantified using ImageJ and images panels arranged in Adobe Photoshop CS5 (San Jose, CA). 
The mean percent of tdTomato+ or EdU+ cells ± s.e.m. from 24-36 images per brain region (IHC) 
and 16 images (ICC) per cell type was calculated. 
For quantification of tumor growth rates, 4-5 random images of each brain region were 
taken from 2-3 sagittal sections per mouse. The mean percent of tdTomato+ or EdU+ cells ± s.e.m. 
from 24-36 images was then calculated. Hyper-cellular areas with a two-fold increase in average 
cellular density were apparent 8-16 weeks after induction. ImageJ was used to quantify the mean 
percent ± s.e.m. of cortical cells expressing tdTomato or Ki-67 from 3-5 images of hyper-cellular 
and adjacent areas of diffuse tumor per mouse. ImageJ was also used to quantify proliferating 
(EdU+), recruited (tdTomato-) glial cells that expressed the astrocyte marker BLBP, the microglial 
marker Iba1, or the oligodendrocyte progenitor marker PDGFRα. The mean percent ± s.e.m. was 
then calculated from 4-8 images per brain region. 
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Histopathological evaluation. Brains were harvested, cut sagittally, immersion fixed in 10% 
neutral buffered formalin overnight, and stored in 70% ethanol prior to paraffin embedding. 
Formalin-fixed, paraffin embedded brains were cut on a rotary microtome in serial 4-5 μm 
sections, placed on glass slides, and stained with hematoxylin and eosin (H&E) on a Leica 
Microsystems Autostainer XL (Buffalo Grove, IL). H&E stained slides were scanned on an Aperio 
ScanScope XT (Vista, CA) using a 20X objective. The resulting svs files were imported into an 
Aperio eSlideManager web database. Histopathological analysis and grading was performed by 
CRM according to WHO 2007 criteria for human gliomas (113). 
Chromogenic IHC for SV40 T antigen, GFAP, BLBP, and Nestin was carried out on a 
Bond fully-automated stainer (Leica, Norwell, MA) as described (114). Slides were deparaffinized 
in Bond dewax and hydrated in Bond wash solutions. Antigen retrieval was performed for 30 min 
at 100°C in Bond epitope retrieval solutions at pH 6.0 (GFAP, BLBP, Nestin) or 9.0 (SV40). 
Sections were incubated with primary antibodies described above for 1 hour at 23°C (SV40, 
1:200; GFAP, 1:2000; BLBP, 1:500; Nestin, 1:250). Horseradish peroxidase and 3,3’-
diaminobenzidine (DAB) chromogen detection was performed using the Bond Polymer Refine 
Detection Kit with (SV40, Nestin) or without (GFAP, BLBP) a Dako EnVision+ goat anti-mouse 
secondary antibody. Photomicrographs were taken on an Olympus BX41 microscope and DP70 
digital camera (Center Valley, PA). 
 
Statistics. Data were analyzed using student’s t-tests, one-way and two-way ANOVA with 
Tukey’s correction for multiple comparisons, and non-linear and linear regression in GraphPad 
Prism 5. All comparisons were considered significant at α=0.05. 
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RESULTS 
Adult GLAST astrocytes are a limited, regionally restricted subpopulation of GFAP 
astrocytes. We examined the regional distribution of GFAP and GLAST astrocytes in adult 
GFAP- and GLAST-CreER;tdTomato mouse brains using genetic lineage tracing and found that 
4.5-6.1% and 0.3-4.4% of cells expressed tdTomato, respectively (Fig 3.1 A). GFAP cells were 
uniformly distributed in the CTX, DI, BS, and OFB. In contrast, GLAST cells were heterogeneously 
distributed and less abundant. Targeting efficiency differed between models, as brains stained for 
the astrocyte marker brain lipid binding protein (BLBP) showed co-expression in ~60% of GFAP 
and <40% of GLAST tdTomato+ cells (Fig 3.1 BE, Fig S3.2, and Fig S3.3). Targeting of NeuN+ 
neurons (Fig 3.1 CF, Fig S3.2, and Fig S3.3), Iba1+ microglia (Fig 3.1 CF), and PDGFRα+ OPC 
(Fig 31 CF) was extremely inefficient, as <0.3% of these cells expressed tdTomato in both models. 
Thus, recombination was >97% specific for BLBP+ astrocytes in both models (Fig 3.1 DG). 
GFAP is expressed in most astrocytes throughout the brain, except cortical gray matter 
(42). In contrast, GLAST has been shown to be expressed in a subset of GFAP+ astrocytes in 
vitro (115). We have confirmed that few gray matter astrocytes express GFAP, but the vast 
majority (≥96.3%) of GLAST astrocytes co-express GFAP in the areas analyzed (Fig S3.4). We 
therefore conclude that GLAST astrocytes comprise a less abundant and more regionally 
restricted subpopulation of GFAP astrocytes in these models. 
 
Cellular origin influences tumor growth. Multiple GBM mutations have been shown to 
transform astrocytes in GEM models (14). We previously described one such model using TRP 
mutations to transform adult GFAP astrocytes and showed that these mice develop lethal GBM 
after ~4.4 months (32). However, it remained unclear whether brain region influenced tumor 
growth. All astrocyte-targeted glioma GEM models described to date have employed the GFAP 
promoter (14, 18, 32, 35). Because this promoter targets a large and widely distributed population 
of astrocytes in adult mice, it remained unclear whether astrocyte subpopulations would also be 
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susceptible to transformation. We therefore monitored regional tumor burden using lineage 
tracing in TRP;GFAP- and TRP;GLAST-CreER;tdTomato mice to examine whether astrocyte 
subpopulations respond similarly to TRP mutations. In both models, tdTomato+ tumor cells 
expressed the T121 oncogene (>92%) and the vast majority (>97%) maintained BLBP expression. 
Tumor cells from both models also co-expressed the astrocyte markers GFAP and S100β (Fig 
S3.5). TRP mutations induced proliferation (EdU incorporation) and increased tumor burden in all 
brain regions after 3-16 weeks, but the magnitude of both differed markedly between GFAP 
versus GLAST astrocytes (Fig S3.6). Hyper-cellular rims of tdTomato+ tumor cells around neurons 
(perineuronal satellitosis, PNS), a widely recognized growth pattern in human gliomas (2), also 
developed in these mice. PNS composed of tdTomato+ tumor cells co-expressing GFAP and 
BLBP increased over time in both models. However, PNS development was slower and less 
pronounced in GLAST-derived tumors (Fig S3.7). We therefore conclude that cellular origin 
influences astrocyte-derived tumor growth. 
 
Brain region may influence growth of GLAST, but not GFAP astrocyte-derived tumors. To 
directly compare the growth rate of GFAP and GLAST astrocyte-derived tumors and to examine 
the effects of brain region, we quantified the density of tdTomato+ cells in different regions over 
time in mice with (≥ 3 weeks) and without (1 week) induced TRP mutations. Tumor growth from 
GFAP astrocytes was rapid and independent of brain region (Fig 3.2 A). In contrast, GLAST 
astrocyte tumor growth was slower and significantly influenced by brain region; growth was 
relatively rapid in OFB and slow in BS (Fig 3.2 B-D). Moreover, GLAST (Fig 3.2 F), but not GFAP 
astrocyte-derived (Fig 3.2 E) tumors showed significant regional differences in proliferation rates 
(Fig 3.2 GH). These results suggest that astrocyte subpopulations respond differently to identical 
tumor initiating mutations and that regional microenvironment may influence tumor growth. 
NSC in the SVZ express both GFAP (56%) and GLAST (6%) and have the ability to 
differentiate into neuroblasts that migrate through the rostral migratory stream to become OFB 
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interneurons (Fig S3.6). Thus, the migratory potential of transformed NSC progeny could 
theoretically complicate our regional astrocyte proliferation analyses. To explore whether 
transformed SVZ NSC contributed to tumor burden in the regions analyzed (Fig S3.1), we focally 
induced recombination with Ad-GFAPCre in either the SVZ or OFB of TRP;tdTomato mice. After 
four weeks, OFB injections produced focal tdTomato+;T121+ tumors in the OFB (Fig 3.3 A) that 
failed to migrate to other brain regions (Fig 3.3 B). Likewise, viral injections in the SVZ produced 
tumors in the periventricular parenchyma and striatum (Fig 3.3 C) that did not migrate to the 
analyzed brain regions (Fig 3.3 D). These results demonstrate that TRP mutations transform NSC 
to produce tumors, but that NSC-derived tumor cells fail to migrate to other brain regions in this 
model system. 
 
Cellular origin influences malignant progression. While regional microenvironment appeared 
to influence GLAST-derived tumor growth (Fig 3.2), it remained unclear whether intra-regional 
differences would also be evident. We therefore monitored intra-regional heterogeneity by 
imaging the entire cortex, the largest anatomical region of the brain. Tumor growth from both 
GFAP and GLAST (Fig S3.8) astrocytes was uniform over their initial growth phases (less than 3 
and 8 weeks, respectively). However, significant intra-regional heterogeneity appeared later in 
the course of tumor progression and multiple hyper-cellular tumor foci developed in both models 
(Fig S3.8 CG). 
We have previously found that high grade astrocytomas in the GFAP-driven TRP model 
acquire stochastic mutations during malignant progression, suggesting that clonal evolution may 
drive their heterogeneous proliferative response (32). To further explore this, we stained tumors 
from GFAP and GLAST mice at 8 and 16 weeks after induction for Ki-67 to mark proliferating cells 
(Fig 3.4 AB). These analyses identified hyper-cellular tumor foci with 5-10 fold higher proliferation 
compared to adjacent areas of diffuse tumor (Fig 3.4 CD). Due to this intra-cortical heterogeneity, 
we quantified diffuse tumor, hyper-cellular foci, and total tumor burden separately at later time 
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points. These analyses showed that initial growth of GFAP tumors was significantly higher than 
GLAST tumors and that hyper-cellular tumor foci emerged earlier (Fig 3.4 E). These results 
suggest that GFAP and GLAST astrocytes have inherently distinct proliferative responses to 
identical TRP mutations. However, tumors grew at similar rates after hyper-cellular foci 
developed, suggesting that the proliferative response to mutations acquired during malignant 
progression was similar in both models. 
GLAST mice survived significantly longer than GFAP mice when aged to morbidity, but 
their survival was limited by co-morbid development of subcutaneous masses requiring 
euthanasia (Fig 3.4 F). Histological analyses showed that GFAP mice died from large anaplastic 
astrocytomas (WHO grade III) or GBM (WHO grade IV) (32), while GLAST mice died with smaller 
diffuse astrocytomas (WHO grade II). Chromogenic IHC confirmed expression of T121 and the 
astrocytic markers GFAP and BLBP (Fig S3.5 and 3.6) and also showed that tumors gained 
expression of the NSC marker nestin (Fig S3.9). 
To examine whether TRP-mutated GLAST astrocytes have intrinsically distinct growth 
characteristics, we purified cultured, GFAP+ TRP astrocytes into subpopulations by GLAST flow 
sorting (Fig 3.4 I). Immunofluorescence analyses confirmed differential GLAST expression (Fig 
3.4 GH). GLAST+ TRP astrocytes harbored a lower S-phase fraction (Fig 3.4 J) and grew slower 
(Fig 3.4 K) than their GLAST- counterparts. These results suggest that the slower growth of 
GLAST-derived tumors in vivo is due to intrinsically distinct proliferative responses to identical 
TRP mutations. 
 
Recruited cells are abundant in GLAST astrocyte-derived tumors. Nearly all transformed 
GFAP (Fig S3.5 A) and GLAST astrocytes (Fig S3.5 E and Fig 3.5 A) co-expressed both tdTomato 
and T121 and a subpopulation proliferated (Fig S3.6 and Fig 3.2). While a subpopulation (~20%) 
of EdU+ cells lacked both tdTomato and T121 in the GFAP model (S3.10AEF), a substantial number 
of these cells were identified in the GLAST model (Fig 3.5 B), suggesting that these cells were 
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recruited. To further explore the identity of proliferating cells, we stained GLAST and GFAP 
tumors with BLBP, PDGFRα, and Iba1 to identify astrocytes, OPC, and microglia within the tumor 
microenvironment (Fig 3.5 C-I and Fig S3.10 B-F). Recruited glia constituted 64-80% of 
proliferating cells in 3-16 week GLAST tumors (Fig 3.5 H), but only 19-21% of proliferating cells 
in 3-8 week GFAP tumors (Fig S3.10 E). Recruited astrocytes increased over time, but microglia 
and OPC decreased in GLAST tumors (Fig 3.5 I). In contrast, proliferating, recruited astrocytes 
remained constant and there were minimal proliferating microglia and OPC in GFAP tumors (Fig 
S3.10 F). Proliferating glial cells differed markedly in GFAP- versus GLAST-derived tumors, both 
for tdTomato+ tumor cells and tdTomato- recruited astrocytes and OPC (Fig S3.11). These results 
suggest that transformation of GLAST astrocytes induces a heterogeneous cellular response and 
that the composition of proliferating, recruited glia in the tumor microenvironment dynamically 
changes over time. 
 
TRP mutations induce expression of the NSC marker nestin in tdTomato+ tumor cells. We 
have shown that TRP mutations induce a primitive, proneural GBM-like gene expression state in 
cultured murine astrocytes (75). We subsequently found that cultured TRP astrocytes acquire the 
functional properties of NSC in vitro and cancer stem cells in vivo (116). These results suggest 
that TRP mutations induce astrocyte de-differentiation into a more primitive cell type. To explore 
whether these mutations induce NSC marker expression in tumors induced in the intact 
mammalian brain in situ, we fate mapped tdTomato+ tumor cells in GFAP and GLAST mice. In 
the absence of oncogenic mutations, both GFAP (Fig 3.6 A) and GLAST (Fig 3.6 F) astrocytes 
lack the intermediate filament protein nestin, an established marker of NSC. In contrast, TRP 
mutations induced nestin expression in tumors derived from GFAP (Fig 3.6 B), and to a lesser 
extent, GLAST astrocytes (Fig 3.6 G) throughout the brain. These cells co-expressed tdTomato 
and BLBP (Fig 3.6 C-E). Moreover, these cells were more frequent and rapidly dividing in GFAP 
versus GLAST tumors (Fig 3.6 H-K) These results support the notion that TRP mutations induce 
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astrocyte de-differentiation into more primitive cell types in situ. Also, these results suggest that 
slower growth of tumors derived from GLAST+ astrocytes could be due to less efficient de-
differentiation. 
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DISCUSSION 
Targeting astrocyte subpopulations based on expression of the established markers 
GFAP and GLAST yielded biologically distinct growth patterns when these cells were transformed 
with identical oncogenic mutations. Transformed GFAP astrocytes produced anaplastic 
astrocytomas (WHO grade III) that lacked a significant proliferating, recruited glial component, 
grew uniformly in all brain regions, and rapidly underwent malignant progression. In contrast, 
transformed GLAST astrocytes formed slowly growing low-grade astrocytomas whose growth 
differed by brain region. The more indolent growth of TRP-transformed GLAST+ astrocytes was 
confirmed in vitro. GLAST derived tumors showed a significant proliferating, recruited glial 
component and underwent more gradual malignant progression. These results suggest that 
astrocyte subpopulations uniquely respond to the pro-proliferative signals of oncogenic TRP 
mutations. Further work is required to determine whether these distinct proliferative responses 
occur with other common glioma mutations. A model summarizing the effects of astrocyte 
heterogeneity on glioma pathogenesis and the microenvironmental differences between these 
models is shown in Fig 3.7. 
One possible explanation for the faster growth observed in GFAP astrocyte-derived 
tumors was the greater initial frequency of these cells in the adult brain. GFAP astrocytes 
constituted approximately 4-6% of cells in multiple brain regions (Fig 3.1 A). In contrast, GLAST 
astrocytes represented a smaller and more regionally restricted subpopulation (0.3-4%, Fig 3.1 
A). Of the latter, only those that co-expressed GFAP could be transformed, because T121 
transgene expression from the GFAP promoter is required for astrocyte transformation in these 
mice (32). However, the difference in initial target cell density is unlikely to be the primary factor 
contributing to differential tumor growth rates. For example, GLAST and GFAP targeted similar 
numbers of OFB cells (Fig 3.1 A). However, growth and proliferation rates of OFB tumors differed 
markedly in GFAP versus GLAST mice (Fig 3.2). Moreover, growth and proliferation of the 
GLAST+ subpopulation of TRP-transformed, GFAP+ astrocytes (Fig 3.4 I) was significantly slower 
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than their GLAST- counterparts in culture (Fig 3.4 JK). This suggests that intrinsic differences in 
the cell of origin likely influenced tumor growth. One such factor could be that their cell-
autonomous mitogenic signaling networks could impart differential susceptibility to particular 
mutations. This concept is supported by previous studies showing that regional astrocyte 
subpopulations differentially express tumor suppressor genes such as Nf1 and have distinct 
proliferative responses to its deletion (51). A second intrinsic factor could be the ability to de-
differentiate into a more primitive functional state. This concept is supported by the quantitative 
difference in nestin expression between the two models here (Fig 3.6). Future work will be 
required to further explore this possibility. 
We confirmed that SVZ NSC express both GFAP and GLAST (Fig S3.6). The migratory 
potential of their TRP-mutated progeny could theoretically complicate our regional analyses. 
However, genetic lineage tracing confirmed that the GFAP and GLAST drivers used here target 
BLBP+ astrocytes with >97% specificity in the brain regions analyzed (Fig 3.1), but target SVZ 
NSC less efficiently (56% and 6%, respectively). Moreover, we found that focal transformation of 
the more abundant GFAP+ population of NSC produced tumors only near the SVZ and striatum 
and that these tumor cells did not migrate outside these regions (Fig 3.3). In contrast, focal 
transformation of OFB astrocytes only produced OFB tumors. These results suggest that local 
astrocytes, not other transformed glia or NSC, are the source of tumor in the brain regions 
analyzed. 
GFAP astrocyte-derived tumors underwent rapid growth and malignant progression, while 
GLAST-derived tumors showed more indolent growth and delayed progression (Fig 3.4 E). These 
growth patterns mirror that of primary and secondary GBM in humans. Primary GBM have a 
clinically silent, pre-GBM growth phase and are thus thought to arise de novo. In contrast, 
secondary GBM arise from a documented low grade precursor and feature a more protracted 
clinical course (117). Distinct genetic and epigenetic differences (EGFR and PTEN mutations in 
the former; IDH1/2 and TP53 mutations and the CpG island methylation phenotype (G-CIMP) in 
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the latter) has strengthened the biological difference between these two clinical entities (6, 10, 
13, 117). Though their genetic differences are clearly established, it remains unclear how cellular 
origin might affect their growth patterns. We have argued that the GFAP model used here closely 
resembles primary GBM due to its rapid tumor growth and lack of IDH mutations (32). We have 
shown that these tumors stochastically acquire secondary mutations, such as homozygous Pten 
deletions, that likely potentiate their progression (32). In contrast, the GLAST model produces 
tumors with a protracted proliferative phase and delayed malignant progression, a growth pattern 
more similar to secondary GBM. We are currently exploring whether these tumors acquire 
alterations common in secondary GBM and whether these could be responsible for driving tumor 
expansion and malignant progression in this model system (Fig 3.4 and Fig 3.7). 
Tumor heterogeneity may be influenced by the local glial microenvironment, which is 
composed of astrocytes, oligodendrocytes, and microglia. Glial cell populations show 
transcriptome variability based on brain region, which may reflect their distinct ontogenies (57). It 
has long been known that the cellular composition of gliomas consists of a complex mixture of 
transformed cells, as well as recruited glia. In fact, recruited cells may constitute a majority within 
a given tumor (58). Recruited glia have also been shown to promote tumor invasion and 
neovascularization, disrupt the blood brain barrier, and create a symbiotic microenvironment that 
promotes tumor growth (37, 59, 61-63). Therefore, it logically follows that regional heterogeneity 
in the brain microenvironment may impact tumor pathogenesis. 
In contrast to the GFAP model, 64-80% of proliferating cells in the GLAST model were 
recruited glia (Fig 3.5, Fig S3.10, and Fig S3.11). Therefore, this model may provide a unique 
opportunity to examine the contributions of recruited glia to tumor growth in future studies. 
Extensive recruited glia proliferation suggests paracrine communication between these and 
tdTomato+ tumor cells within the tumor microenvironment, but the signaling mechanisms that 
mediate these effects remain to be defined. Recruited cells have been previously found in mouse 
models of platelet derived growth factor (PDGF)-driven tumors derived from PDGFRα+ OPC (58, 
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86). We have extended these findings by identifying recruited glia in tumors of astrocyte origin 
(Fig 3.5), suggesting that glial recruitment is a stereotypical response to cellular transformation in 
the brain. While the cellular identity and time course of recruited cells were not examined in the 
PDGF model, we found that astrocytes, OPC, and microglia are all present within the GLAST 
tumor microenvironment and their abundance varies over time. We are currently exploring 
whether these cells become transformed by stochastic oncogenic mutations and the mechanisms 
through which they contribute to astrocyte-derived tumor growth. 
Cells with stem-like properties have been identified in human GBM and may be 
responsible for treatment resistance and tumor recurrence (118). Identification of these cells 
currently relies on immunostaining with stem cell markers, such as CD133 and nestin. However, 
our data (Fig 3.6) and the work of other groups has shown that the differentiation state of tumor 
cells is dynamic. Thus, in contrast to the normal unidirectional lineage hierarchy in the normal 
brain, cancer cell lineage relationships are plastic. We have previously shown that transformation 
of cultured astrocytes by TRP mutations induces a primitive transcriptome state in vitro (75). We 
have also found that TRP astrocytes acquire the functional properties of NSC in vitro and cancer 
stem cells in vivo (116). Here, we show that TRP mutations induce the expression of the primitive 
maker nestin in situ (Fig 3.6). Together, these results suggest that TRP mutations induce 
astrocyte de-differentiation. Similar results have been found in astrocytes transformed by Cdkn2a, 
Egfr, Nf1, and Trp53 mutations, suggesting that astrocyte de-differentiation may be a stereotypical 
response to oncogenic mutations (17, 35). The opposite has been found in embryonic NSC with 
Nf1 and Trp53 deletion mutations, where transformed OPC drove tumor growth, suggesting that 
partial differentiation was required for NSC transformation (38). Thus, either de-differentiation or 
partial terminal differentiation may be required for oncogenic transformation in certain cellular and 
mutational contexts. As such, the mutated cell may differ from the transformed cell type that 
actually drives tumor growth. These dynamic changes in differentiation state of cancer cells 
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complicate efforts to identify tumor cells of origin by comparing their expression of cellular markers 
to purified brain cells, as we have described for human gliomas (5, 10).  
In contrast, the genetic lineage tracing and fate mapping techniques used here permit 
unambiguous identification of the tumor cell of origin and its impact on disease pathogenesis. 
Using these techniques, we found that GFAP and GLAST astrocytes can serve as a cell of origin 
for GBM, though the kinetics of growth and progression differed between these two 
subpopulations. Previously, we used lineage tracing to longitudinally monitor the growth kinetics 
of NG2+ OPC transformed by Nf1 and Trp53 deletions (22). In this mutational context, OPC 
proliferation peaks after initial transformation, then enters a sustained period of quiescence (22). 
In contrast, TRP mutations induced sustained proliferation and eventual clonal tumor outgrowth 
in both GFAP and GLAST astrocyte models. These divergent growth characteristics suggest that 
cellular origin has a significant impact on tumor growth and that astrocyte subpopulations may 
have inherently different responses to particular oncogenic mutations. Indeed, cellular origin has 
recently been shown to be a key contributor to tumor heterogeneity in Pik3ca-driven mammary 
tumors (119). To further probe the influence of cellular origin on glioma pathogenesis, we are 
currently investigating whether transformation of astrocytes and OPC with identical mutations 
induces similarly divergent patterns of tumor growth. 
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Figure 3.1. GLAST astrocytes are less abundant and more regionally restricted than GFAP 
astrocytes. Genetic lineage tracing in GFAP-CreER;tdTomato and GLAST-CreER;tdTomato 
mice sacrificed 1 week after induction shows significant brain region specific differences between 
drivers in CTX, DI, and BS (*, P<0.02), but not the OFB (P=0.7) (A). No brain region specific 
differences were evident in astrocyte targeting efficiency in GFAP-CreER;tdTomato mice (ANOVA 
P=0.8) (B), but cortical astrocyte targeting was more efficient (58.5 ± 1.6%) than NeuN+ neurons 
(0.2 ± 0.1%), IBA1+ microglia (0.05 ± 0.3%), and PDGFRα+ oligodendrocyte progenitor cells (0.02 
± 0.01%) (ANOVA P<0.0001) (C).  Moreover, targeting was specific to astrocytes, as 97.2% of 
the tdTomato+ cell population co-expressed BLBP (D). In contrast, brain region differences were 
evident in astrocyte targeting efficiency in GLAST-CreER;tdTomato mice (ANOVA P=0.02; *, 
Tukey’s P<0.05) (E) and cortical astrocyte targeting was more efficient (22.5 ± 3.3%) than NeuN+ 
neurons (0.09 ± 0.01%), IBA1+ microglia (0.03 ± 0.01%), and PDGFRα+ oligodendrocyte 
progenitor cells (0.02 ± 0.01%) (ANOVA P=0.0001) (F). Like GFAP, GLAST targeting was specific 
to astrocytes, as 97.2% of the tdTomato+ cell population co-expressed BLBP (G).  
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Figure 3.2: TRP-induced astrocytoma growth is slower and influenced by brain region in 
GLAST versus GFAP astrocytes. Quantification of tdTomato (A, B) and EdU (E, F) positive 
cells from GFAP-CreER;tdTomato (A, E) and GLAST-CreER;tdTomato (B, F) mice sacrificed 1 
week after induction show that tumors grow and proliferate more slowly upon induction of TRP 
mutations over 3-16 weeks in GLAST versus GFAP astrocytes. Tumors derived from GLAST 
(ANOVA P=0.01), but not GFAP (ANOVA P=0.6) astrocytes showed regional differences in 
tdTomato growth rates (C). Data from C are re-graphed in D to highlight the significantly increased 
tdTomato growth rate of GFAP versus GLAST derived tumors. Regional differences in 
proliferation rates (EdU incorporation) were significant in tumors derived from both GLAST 
(ANOVA P<0.0001) and GFAP astrocytes (ANOVA P=0.04) (G). Data from (G) are re-graphed in 
(H) to show the proliferation rate of GFAP derived tumors is significantly more than GLAST 
derived tumors. Significant regional differences in proliferation rates between drivers existed 
(P<0.03) (H).  Statistically significant pairwise comparisons (P<0.05) between brain regions are 
indicated by *.  
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Figure 3.3. TRP-transformed cells do not migrate to different brain regions. Stereotactic 
injection of Ad-GFAPCre into the olfactory bulb of TRP; tdTomato mice induced focal 
tdTomato;T121 co-expressing tumors specifically in the olfactory bulb (A), not in other brain regions 
(B). Similarly, focal induction in the SVZ induced tumors only in the SVZ (C), not elsewhere in the 
brain (D). Scale bar 10 µm. 
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Figure 3.4. TRP astrocytomas progress more slowly in GLAST versus GFAP astrocytes. 
Frequent hyper-cellular (HC, blue boxes) tumor foci (tdTomato, red) were evident in TRP;GFAP-
CreER;tdTomato mice sacrificed 8 weeks after induction (A). In contrast, occasional hyper-
cellular foci were only evident 16 weeks after induction in TRP;GLAST-CreER;tdTomato mice (B). 
HC areas were 5.2-fold more proliferative (student’s t P=0.0001) than adjacent areas of diffuse 
tumor (red boxes) and 57.7% of these cells (Ki67, green) were proliferating in GFAP mice (C). A 
similar increase in proliferation (11.2 fold, students’ t P<0.0001) and Ki67+ cell density (46.4%) 
was evident in GLAST mice (D). Despite induction by the same oncogenic TRP mutations, diffuse 
and total tumor growth was slower in GLAST than GFAP astrocytes (P<0.0001). Growth rates 
were similar after HC foci developed (P=0.2), but these appeared later in the course of GLAST 
tumor progression (E). GLAST mice survived significantly longer than GFAP mice (log-rank, 
p=0.02). The GLAST+ (G) and GLAST- (H) subpopulations of cultured GFAP+ TRP cells were 
purified by flow sorting (I) and differential GLAST expression was confirmed by 
immunocytochemical staining (GH). EdU-pulsed S-phase fraction of GLAST+ cells was 
significantly less than their GLAST- counterparts (J, *P=0.0002) and their growth rate was 
significantly slower (K, doubling time 1.2 versus 0.9 days, P<0.0001). Scale bars 100 µm (A-B), 
50 µm (G-H).  
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Figure 3.5. Recruited astrocytes, OPC, and microglia proliferate in GLAST+ astrocytomas. 
TRP mutations induced proliferation (incorporation of EdU) of transformed, tdTomato;T121+ 
astrocytes in TRP;GLAST-CreER;tdTomato mice (A). However, EdU+ cells that lacked both 
tdTomato and T121 were also evident (B). Immunostaining for BLBP (C), GFAP (D), S100β (E), 
PDGFRα (F), and IBA1 (G) showed that recruited (tdTomato;T121-) astrocytes (AC), as well as 
oligodendrocyte progenitor cells (OPC) and microglia (MG), proliferated in these tumors. Images 
in panels A-G were taken from the cortex of a mouse 16 weeks after transformation. Recruited 
astrocytes constituted the largest fraction of proliferating EdU+ cells (52-62%) 3 to 16 weeks after 
transformation, while tdTomato+ tumor cells (20-36%), recruited OPC (3-18%), and recruited MG 
(0-6%) were less abundant (H). Moreover, the cellular composition of recruited, proliferating glial 
cells was dynamic:  recruited astrocytes increased while other glial populations decreased over 
time (I). Scale bars 10 µm. 
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Figure 3.6: TRP mutations induce expression of NSC markers in transformed tdTomato+ 
tumor cells. In contrast to GLAST-CreER;tdTomato (A) and GFAP-CreER;tdTomato (F) mice 
sacrificed 1 week after induction, TRP mutations induced expression of the intermediate filament 
protein nestin in tdTomato+ cells in both TRP;GLAST-CreER;tdTomato (B) and TRP;GFAP-
CreER;tdTomato (G) mice sacrificed at 3 weeks. Nestin-expressing cells were tdTomato;BLBP+ 
astrocytes in both models (C, H). However, 82.2% ± 1.3% of proliferating (EdU+) cells in 
TRP;GFAP-CreER;tdTomato mice (I) co-expressed tdTomato and nestin , but these were 
infrequent (9.4% ± 3.6%, DE) in TRP;GLAST-CreER;tdTomato mice (J, P<0.0001). tdTomato+ 
cells expressed nestin less frequently in GLAST than GFAP tumors over time (K). Scale bars 50 
µm (A-B, F-G), 10 µm (C-E, H-I). 
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Figure 3.7. Cellular origin influences glioma pathogenesis. Targeting the same oncogenic 
TRP mutations to GLAST and GFAP astrocytes (AC) produced tumors with divergent growth 
characteristics. GFAP tumors grew rapidly and quickly progressed to high-grade tumors. In 
contrast, GLAST tumors grew more indolently, progressed later, and contained proliferating, 
recruited glial cells, suggesting that their local microenvironment contributes to their growth. 
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Fig S3.1: Analyzed brain regions. Brain regions which showed the most tumor included the 
CTX (red), DI (dark blue), BS (yellow), and OFB (purple) were analyzed. Areas which produced 
less tumor, including the corpus callosum (CC, light blue) and striatum (STR, yellow), were 
excluded. 
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Figure S3.2. GFAP-CreER targets astrocytes and not neurons in multiple brain regions. 
Genetic lineage tracing in GFAP-CreER;tdTomato mice sacrificed 1 week after induction (Fig. 
3.1) shows recombination-mediated expression of tdTomato in cortical (CTX), diencephalic (DI), 
brainstem (BS), and olfactory bulb (OFB) astrocytes as defined by their stellate morphology and 
co-expression of brain lipid binding protein (BLBP, A). Minimal tdTomato+ neurons (0.2 ± 0.1% of 
DAPI+ cells), defined by their cellular morphology and co-expression of NeuN, were evident (B). 
Scale bar 10 µm. 
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Figure S3.3. GLAST-CreER targets astrocytes and not neurons in multiple brain regions. 
Genetic lineage tracing in GLAST-CreER;tdTomato mice sacrificed 1 week after induction (Fig. 
3.1) shows recombination-mediated expression of tdTomato in CTX, DI, BS, and OFB astrocytes 
as defined by their stellate morphology and co-expression of brain lipid binding protein (BLBP, 
A). Minimal tdTomato+ neurons (0.2 ± 0.1% of DAPI+ cells), defined by their cellular morphology 
and co-expression of NeuN, were evident (B). Scale bar 10 µm. 
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Figure S3.4. GLAST-CreER targets GFAP+ astrocytes in multiple brain regions. Genetic 
lineage tracing in GLAST-CreER;tdTomato mice sacrificed 1 week after induction shows 
recombination-mediated expression of tdTomato in >96% of white matter (WM), DI, BS, and OFB 
astrocytes as defined by their stellate morphology and co-expression of glial fibrillary acid protein 
(GFAP). Few tdTomato+ astrocytes in the grey matter (GM) co-expressed GFAP. The percentage 
of tdTomato;GFAP+ cells in each region is indicated. Scale bar 10 µm. 
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Figure S3.5. GFAP and GLAST-driven TRP astrocytoma cells retain expression of 
astrocytic markers. Three weeks after induction of TRP;GFAP-CreER;tdTomato mice, cortical 
GFAP+ astrocytes transformed by TRP mutations co-express tdTomato and T121 (98.3 ± 1.3%, A) 
and retain expression of the astrocytic markers BLBP (99.3 ± 0.3%) (B), GFAP (C), and S100β 
(D). Likewise, transformed cortical GLAST+ astrocytes in TRP;GLAST-CreER;tdTomato mice co-
express tdTomato and T121 (91.8 ± 2.9%, E) and retain their expression of BLBP (96.8 ± 2.9%) 
(F), GFAP (G), and S100β (H). Scale bar 10 µm. 
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Figure S3.6. TRP mutations induce proliferation of GFAP and GLAST astrocytes in multiple 
brain regions. GFAP cells (56 ± 1.7%) in the subventricular zone (SVZ) express tdTomato, 
endogenously proliferate, and incorporate EdU in GFAP-CreER;tdTomato mice sacrificed 1 week 
after induction. In contrast, GFAP astrocytes in the CTX, DI, BS, OFB express tdTomato, but do 
not proliferate, and fail to incorporate EdU in the absence of oncogenic mutations. However, TRP 
mutations induce progressive increases in GFAP astrocyte proliferation throughout the brains of 
TRP;GFAP-CreER;tdTomato mice sacrificed 3 and 8 weeks after induction (A). GLAST cells (5.8 
± 0.6%) in the SVZ express tdTomato, endogenously proliferate, and incorporate EdU in GLAST-
CreER;tdTomato mice sacrificed 1 week after induction.  In contrast, GLAST astrocytes in the 
CTX, DI, BS, and OFB express tdTomato, but do not proliferate, and fail to incorporate EdU in 
the absence of oncogenic mutations. However, TRP mutations induce progressive increases in 
GLAST astrocyte proliferation (incorporation of EdU) throughout the brains of TRP;GLAST-
CreER;tdTomato mice sacrificed 3, 8, and 16 weeks after induction (B). Driver, TRP status, and 
sacrifice time point after induction are indicated. Scale bar 10 µm. 
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Figure S3.7. Astrocytic perineuronal satellites increase over time in GFAP and GLAST-
driven TRP astrocytomas. Perineuronal satellites composed of tdTomato+ (red) astrocytoma 
cells surrounding NeuN+ (green) cortical neurons increased over time after induction of TRP 
mutations in GFAP-CreER;tdTomato mice (A). In contrast, perineuronal satellite development in 
GLAST-CreER;tdTomato mice was delayed and less frequent (B, C). TRP status and sacrifice 
time point after induction are indicated. Tumors induced in both TRP;GFAP-CreER;tdTomato (D, 
E) and TRP;GLAST-CreER;tdTomato (F, G) mice display perineuronal satellites that co-stain with 
the astrocyte markers GFAP (D, F) and BLBP (E, G). Scale bars 10 µm. 
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Fig. S3.8. Cortical GFAP and GLAST-driven TRP astrocytoma burden increases over time. 
Compared to GFAP-CreER;tdTomato mice sacrificed 1 week after induction (A), a time-
dependent increase in astrocytoma burden (tdTomato, red) was evident throughout the cortex of 
TRP;GFAP-CreER;tdTomato mice sacrificed after 3 (B) and 8 (C) weeks. Compared to GLAST-
CreER;tdTomato mice sacrificed 1 week after induction (D), a time-dependent increase in cortical 
tumor burden was evident in TRP;GLAST-CreER;tdTomato sacrificed after 3 (E), 8 (F), and 16 
(G) weeks. Tumors became more heterogeneously distributed after 8 weeks (C) in GFAP and 16 
weeks (G) in GLAST mice due to emergence of hyper-cellular foci (Fig. 3.4). Nuclei were 
counterstained with DAPI (blue). Orientation: C, caudal; D, dorsal; R, rostral; V, ventral. Scale 
bars 1 mm. 
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Figure S3.9. GFAP and GLAST-driven TRP astrocytoma cells retain expression of 
astrocytic markers and express the stem cell marker nestin. Anaplastic astrocytoma, WHO 
grade III, and diffuse astrocytoma, WHO grade II, tumors arose in the olfactory bulbs (OFB) (A-
E) three months after induction of TRP mutations in TRP;GFAP-CreER;tdTomato and 
TRP;GLAST-CreER;tdTomato mice, respectively (A). Black arrowheads indicate mitoses in the 
former. Diffuse astrocytoma burden was lower in the cortex (CTX) of both models (F-J) at the 
same time point (F). In contrast to wild-type mouse OFB and CTX, tumor cells expressed T121 
(B,G) retained expression of the astrocyte markers GFAP (C,H) and BLBP (D,I), and gained 
expression of stem cell markers such as nestin (E,J), particularly in GFAP mice. Scale bars 20 
µm. 
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Figure S3.10. Astrocytes, but not other glia, proliferate in GFAP+ astrocytomas. TRP 
mutations induced proliferation (incorporation of EdU) of transformed, tdTomato;T121+ astrocytes 
in TRP;GFAP-CreER;tdTomato mice (A, arrowheads). However, EdU+ cells that lacked both 
tdTomato and T121 were also evident (A, arrows). Immunostaining for BLBP (B), PDGFRα (C), 
and IBA1 (D) showed that recruited (tdTomato;T121-) astrocytes (AC), as well as oligodendrocyte 
progenitor cells (OPC) and microglia (MG), proliferated in these tumors. Images in panels A-D 
were taken from the cortex of a mouse 8 weeks after transformation. Transformed astrocytes 
constituted the largest fraction of proliferating EdU+ cells (79-81%) 3 to 8 weeks after 
transformation, while untransformed astrocytes (18-20%), recruited OPC (0-0.7%), and recruited 
MG (0.6-0.8%) were less abundant (E). Moreover, the cellular composition of recruited, 
proliferating glial cells was dynamic, as recruited astrocytes increased while other glial 
populations decreased over time (F). Scale bars 10 µm. 
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Fig S3.11. The microenvironment of GLAST- and GFAP-derived tumors harbor distinct 
proliferating, recruited glial cell populations. TRP mutations induced significantly more 
proliferation (EdU+) in GFAP than GLAST-derived tumor cells (P≤0.007; A). In contrast, GLAST-
derived tumors harbored more proliferating, recruited astrocytes (P≤0.002; B), OPC (P≤0.02; C), 
and microglia (P≤0.3; D). 
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Astrocytes are the most abundant cell glial cell in the brain and are critical mediators of 
brain repair following injury. Other astrocyte functions include maintenance of synaptic plasticity, 
extracellular ion balance, and the blood brain barrier (42). Astrocytes exhibit molecular and 
functional heterogeneity in different brain regions, where they are exposed to varied 
microenvironmental cues, express differing amounts of tumor suppressor genes (51, 120) and 
respond differently to traumatic brain injury (121). Moreover, astrocytes may be a potential cell of 
origin in gliomas, the most common primary malignant brain tumors (122). Despite being 
biologically and clinically heterogeneous, glioblastoma (GBM), the most common and biologically 
aggressive glioma, is diagnosed and treated as a single disease. Defining the brain cells where 
tumorigenesis is initiated would facilitate molecular classification of glioma subtypes and lead to 
mechanism-based strategies to manage these fatal diseases. 
Tumor cells with neural stem cell (NSC)-like capacity for unlimited self-renewal and multi-
lineage differentiation, termed glioma stem cells (GSC), have been identified in human GBM 
(123). GSC are thought to express proteins found in adult NSC such as Sox2. In the normal adult 
brain, Sox2 expression was thought to be restricted to NSC due to its role in neurogenesis. This 
led to the concept that Sox2 was a characteristic marker of NSC (124-131). However, Sox2 has 
been detected in rat astrocytes (132) and in Bergmann glia cells of the cerebellum in the adult 
mouse brain (133) using immunohistochemistry. Moreover, mRNA expression profiling of purified 
astrocytes from the mouse cerebral cortex has suggested that Sox2 may be expressed in 
astrocytes during early development (134-136). However, expression of Sox2 was only explored 
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in specific brain regions or during the perinatal period when Sox2 expression is significantly more 
widespread than in the adult brain (137). Therefore, we used a combination of 
immunohistochemistry and reporter mice to show that the majority of differentiated astrocytes in 
the adult brain express Sox2. The presence of transcription factors such as Sox2 in astrocytes in 
the adult brain, suggests that astrocytes may be primed for dedifferentiation and cell cycle reentry 
in response to brain pathology, thus making them a strong candidate cell of origin in gliomas. 
Stem cell transcription factors including Sox2 have previously been shown to induce 
dedifferentiation of a variety of terminally differentiated cell types. For example, a four transcription 
factor cocktail including Sox2, Oct4, c-Myc, and Klf-4 has been shown to induce dedifferentiation 
of fibroblasts into induced pluripotent stem cells (iPS) (71). Sox2 is likely the most important of 
these transcription factor. Removal of Sox2 from the cocktail resulted in reduced efficiency of iPS 
induction. In contrast, removal of c-Myc did not completely ablate iPS induction, suggesting that 
that Sox2 is more critical than c-Myc (72). Additional evidence of the central role of Sox2 reversion 
to a stem-like phenotype is that generation of iPS from fibroblasts is achievable with the use of 
Oct4/Sox2/Nanog/Lin28. These results suggest that c-Myc and Klf4 are alternative supporting 
factors, while Sox2 and Oct4 hold a central importance in the generation of iPS (73). Moreover, 
Sox2 is specifically involved in the induction of NSC from fibroblasts (74). This evidence indicates 
that Sox2 is critical in the induction of stemness, especially in the brain. 
Terminally differentiated astrocytes do not replicate in the normal adult brain. However, 
under pathological conditions, astrocytes adopt a more primitive functional state and 
symmetrically divide in response to extrinsic stimuli such as trauma, a process termed reactive 
astrocytosis (138). Conditional, inducible GEMM are ideally suited for experimentally addressing 
the role Sox2 plays in the proliferative response of astrocytes in vivo. To test whether Sox2 is 
involved in the proliferative response to extrinsic stimuli, we conditionally ablated Sox2 specifically 
in astrocytes and subsequently wounded the murine brain. We found that Sox2 ablation interferes 
with cell proliferation around the healing wound. Astrocyte reentry into the cell cycle may also 
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occur in a cell autonomous fashion in response to intrinsic stimuli such as mutagenesis. We have 
functionally inactivated the G1/S cell cycle checkpoint with truncated SV40 large T antigen 
(abbreviated, T) and activate RTK (KrasG12D and PTENDEL abbreviated [R] and [P], respectively) 
mutations to define the genetic requirements of glioma pathogenesis in murine astrocytes (75) 
and conditional inducible genetically engineered mouse models (GEMM) (32). To test whether 
Sox2 is involved in the proliferative response of astrocytes to intrinsic stimuli, we used 
immortalized T(RP) murine astrocytes and TRP GEMM where Sox2 is expressed or ablated. We 
found that stable knockdown of Sox2 does influence the proliferation of T(RP) astrocytes in vitro 
in a genotype dependent manner, however genetic ablation of Sox2 does not influence tumor 
initiation in vivo. In combination, these results suggest that Sox2 expression in adult astrocytes 
influences their ability to reenter the cell cycle in response to certain pathological stimuli.  
  277  
Results 
Sox2 is expressed in adult astrocytes throughout the brain 
Overview images of adult Sox2-GFP mice revealed GFP+ signal in the SVZ, however 
GFP+ cells were clearly present outside of the SVZ (Fig. S4.1). Homogenously distributed GFP+ 
cells constituted between 6-14% of cells in the cortex (CTX), olfactory bulb (OFB), diencephalon 
(DI), brainstem (BS), and cerebellum (CB) (Fig. 4.1). We used Sox2 antibodies to verify that that 
GFP+ cells express Sox2 and found Sox2+/GFP+ cells in the SVZ, CTX, OFB (Fig. S4.2a-c), and 
rest of the brain (data not shown), confirming that Sox2+ cells exist outside of neurogenic regions 
in the adult brain. 
Next, we sought to identify GFP+ cells in non-neurogenic regions. Because GFAP is 
detectably expressed in a subset of adult astrocytes, we stained for the more widely expressed 
astrocyte marker brain lipid binding protein (BLBP) (52, 65). We found GFP+/BLBP+ NSC in the 
SVZ (Fig. 4.2), confirming previous work (139). We also found GFP+/BLBP+ astrocytes in the 
OFB, CTX, DI, BS, and CB (Fig. 4.2). These GFP+ cells outside of the SVZ expressed the 
additional astrocytic markers GFAP (Fig. S4.3) and Aldhl1 (data not shown). We failed to observe 
GFP+/NeuN+ neurons in the CTX and elsewhere throughout the adult brain (Fig. S4.4). 
Quantification showed that the majority of GFP+ cells (between 87±1% and 59±4% per region) 
were BLBP+ (Fig. S4.5a). To determine if additional glial cells expressed Sox2, we stained with 
PDGFRα, a marker of oligodendrocyte progenitor cells (OPC), and IBA-1, a marker of microglia. 
Quantification of GFP+ cells in the adult CTX showed that the majority (83±2%) were BLBP+ 
astrocytes. In confirmation with previous reports noting the presence of PDGFRα+/Sox2+ cortical 
OPC (140), 15±1% of GFP+ cells were PDGFRα+ OPC, while 0.5±0.3% of GFP+ cells were IBA-
1+ microglia (Fig. S4.5b), Thus, Sox2+ cells throughout the brain are nearly entirely BLBP+ 
astrocytes. 
To further confirm Sox2 expression in the adult brain, we induced recombination in Sox2-
CreER;tdTomato mice and found tdTomato+ cells throughout the rest of the mouse brain (Fig. 
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S4.6) with a frequency between 2-4% (Fig. S4.7). With immunostaining, we confirmed that these 
tdTomato+ cells were BLBP+ astrocytes (Fig. S4.8). We calculated that 18.4± 1.0% of BLBP+ 
astrocytes in the cortical grey matter expressed tdTomato.  
Role of Sox2 in astrocytes in response to extrinsic stimuli 
Sox2+ astrocytes outside of neurogenic niches fail to proliferate in the normal brain absent 
pathological stimuli (Fig. S4.9). However, under pathological conditions, astrocytes adopt a more 
primitive functional state and symmetrically divide in response to extrinsic stimuli such as trauma, 
a process termed reactive astrocytosis. To test whether Sox2+ astrocytes were involved in wound 
healing, we injured the brain of adult Sox2-GFP mice via needle stick, following a previously 
developed method to induce reactive gliosis (141, 142). We found GFP+ astrocytes at the site of 
wounding which expressed primitive markers and actively divided, suggesting that Sox2+ 
astrocytes are involved in wound healing (Fig. S4.10). OPC and microglia proximal to the wound 
also divided in response to wounding (Fig. S4.11). Quantification of overview images of the wound 
site revealed an increase in GFP+ astrocytes around the wound three days after wounding (Fig. 
4.3b). Ten days after wounding, a higher percentage of GFP+ cells remained, consistent with 
reports showing sustained reactive gliosis up to a month after the stab wound (141, 142). 
Proliferating GFP+ astrocytes were most prevalent 100 microns around the stab wound three days 
after wounding (Fig. 4.3c) (21% ± 0.9% versus 13% ± 0.8% without wounding) and decreased 
with distance from the needle track. The percentage of proliferating cells peaked 3 days after 
injury, however this proliferation was transient and virtually absent 7 and 10 days after wounding.  
To specifically test the role Sox2 plays in astrocyte cell cycle reentry upon extrinsic stimuli, 
we wounded the brain of hGFAP-CreER;Sox2f;Sox2-GFP mice after conditional ablation of Sox2 
specifically in astrocytes. Immunofluorescence analysis revealed that Sox2 expression was 
specifically ablated in astrocytes (Fig. S4.12a), however Sox2 levels in microglia and OPC 
remained unchanged (Fig. S4.12b-c). Antibody staining against Sox2 confirmed cell type specific 
deletion (Fig. S4.12d). Quantification of dividing cells around the wound showed that Sox2 
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ablation in astrocytes led to higher levels of cellular division around the wound site and increased 
the time window over which proliferation occurs. In combination, this data suggests that Sox2 
expression in astrocytes is critical for their reentry into the cell cycle after external stimuli. 
Role of Sox2 in astrocytes in response to intrinsic stimuli 
In addition to extrinsic stimuli, astrocyte proliferation may also occur in a cell autonomous 
fashion in response to intrinsic stimuli such as mutagenesis. To test the role that Sox2 plays in 
response to combinations of oncogenic mutations, we stably knocked down Sox2 using a shRNA 
in a panel of immortalized astrocytes and assessed resulting growth via MTS assay. We found 
that Sox2 ablation impedes the growth of both T and TR astrocytes (Fig. 4.5a-b). Transfection of 
a mutated version of Sox2 resistant to the shRNA rescued growth in T and TR cells indicating 
that decrease in Sox2 is responsible for growth ablation (Fig. 4.5c-d). In contrast, Sox2 
knockdown in TP-/- and TRP-/- cell lines did not ablate growth (Fig. 4.5e-f) suggesting an interaction 
between PTEN and Sox2. To explore how Sox2 loss might alter tumor growth in vivo, we injected 
TRP astrocytes with Sox2 knocked down into the brains of syngeneic host mice. We found no 
differences in survival or histology of the resulting tumors with Sox2 knocked down versus intact 
(Fig. S4.13). 
Next we asked whether Sox2 loss influences tumor initiation. To answer this, we induced 
tumors in GFAP-CreER;TRP;Sox2f/f mice and found after two months that diffuse disease was 
present throughout the entire brain which was consistent with levels seen in GFAP-CreER;TRP 
mice (Fig. 4.6). In a parallel approach, we injected the brains of TRP;Sox2f/f mice with GFAP-Cre 
adenovirus to focally induce tumor. One month after induction, TRP;Sox2f/f mice had tumors 
consistent with those virally induced in TRP mice, expressing markers of stemness such as nestin 
and actively dividing (Fig. S4.14). In combination, this data suggesting that Sox2 deletion does 
not influence ability to initiate tumors in the adult mouse brain 
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Discussion 
In summary, our data demonstrated the presence of differentiated, Sox2+ astrocytes 
throughout the brains of adult mice. To test if Sox2 expression was necessary for astrocyte cell 
division in response to extrinsic pathological stimuli, we conditionally knocked out Sox2 in the 
brains of hGFAP-CreER;Sox2f;Sox2-GFP mice and showed that the response to wound healing 
was altered. To test if Sox2 expression in astrocytes was necessary for cell division in response 
to intrinsic stimuli, we knocked down Sox2 in immortalized astrocytes and genetically ablated 
Sox2 in two separate glioma GEMM. We found that Sox2 knockdown with shRNA ablated cell 
growth in immortalized astrocytes with PTEN intact, however PTEN deficient cell lines were 
unaffected by Sox2 deletion. We also found that Sox2 deletion in tamoxifen induced GFAP-
CreER;TRP;Sox2f/f and virally induced TRP;Sox2f/f mice did not inhibit tumor formation in vivo. 
These results suggest that Sox2 is important in the response of astrocytes to certain but not all 
pathological stimuli. 
We noticed that Sox2 deletion led to increased proliferation across all timepoints and that 
astrocytes, microglia, and OPC were involved in this response. However, how proliferating glial 
populations around the wound change in response to Sox2 deletion remains unknown. We 
hypothesize that the majority of proliferative cells in the absence of Sox2 are macrophages. Sox2 
deletion has been shown to interfere with entry into the cell cycle (143) and differentiation (144) 
in other cell types, potentially leading to a decrease of proliferating astrocytes around the wound. 
If the wound takes longer to heal, more macrophages could be necessary to remove intracellular 
debris and aide in healing. OPC could proliferate at the later stages of wound healing due to 
remyelinated around the wound. Further staining experiments quantifying proliferative cell types 
around the wound in astrocytes are necessary to access how populations of proliferative glia 
change in response to Sox2 deletion. 
We showed that Sox2 knockdown in our panel of immortalized astrocytes decreased 
proliferation in cell types which had intact PTEN, however cell types with PTEN deletions did not 
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show growth ablation. The molecular mechanism for these growth patterns remain unknown, 
however other groups have shown that AKT directly activates Sox2 via phosphorylation in breast 
cancer (145). This relationship has not been shown in astrocytes, however could explain 
differential growth patterns as PTEN is a negative regulator of AKT signaling. Future experiments 
re-expressing PTEN in our astrocyte panel as well as experiments genetically or 
pharmacologically ablating AKT signaling would help elucidate if a similar mechanism is utilized. 
We found that Sox2 ablation in tamoxifen induced GFAP-CreER;TRP;Sox2f/f and virally 
induced TRP;Sox2f/f mice did not inhibit tumor formation in vivo. These lack of tumor growth 
differences in vivo is in some ways unsurprising given that deletion of Sox2 in medulloblastoma 
has led to compensatory upregulation of other transcription factors involved in maintaining 
stemness (146). Similar mechanisms could be at play in our tumor model, as we have shown 
Oct4 deletion in addition to Sox2 deletion is able to ablate growth in TRP cells. Additionally, 
increasing the number of mice would be useful to explore whether survival differences exist 
between cohorts of mice with tumors with and without Sox2. Also using alternative TRP genotypes 
without PTEN would be useful to confirm the in vitro findings that PTEN deletion is required to 
ablate Sox2 growth hold up in vivo. Sequencing tumors with Sox2 ablation would also provide 
interesting insight into the molecular growth mechanisms. 
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Methods 
Mice: Heterozygous TgGZT121 (T) (31), KrasG12D+/lsl (R) (76), PtenloxP (P) (77), GFAP-CreER (110), 
Sox2-CreER (147), Sox2f (144), Sox2-GFP (69) and Rosa26-tdTomato (112) mice were 
maintained on a C57/Bl6 background. PCR genotyping was performed as previously described. 
Cre expression was induced in 3 month old adult mice by 5 daily intraperitoneal injections of 4-
hydroxytamoxifen (Sigma-Aldrich, St Louis, MO) at 100 mg/kg. Induced mice were sacrificed 1, 
8, or 16 weeks after induction for tumorigenesis and reporter quantification. Induced mice were 
sacrificed at 1, 3, 7, or 10 days post wounding. Prior to sacrifice, mice were given 5'-ethynyl-2'-
deoxyuridine (EdU) at 5 mg/kg via intraperitoneal injection 4 hours before transcardial perfusion 
with 4% para-formaldehyde to label dividing cells. Brains were dissected and post-fixed in 4% 
para-formaldehyde overnight at 4°C. Animals were monitored for neurological symptoms and 
sacrificed upon development of lethargy, weight loss, deterioration in body condition, poor 
grooming, bulging skull, seizures, ataxia, paralysis or other abnormalities. 
Focal tumor formation was induced in three month old TRP;Sox2f/f mice anesthetized with 
Avertin (250 mg/kg) and placed in a stereotactic frame (Kopf, Tujunga, CA). Stereotactic injection 
into CTX (coordinates 1, 1.3, 3.3 A,L,D) of 2x107 plaque forming units of Ad-GFAPCre (University 
of Iowa Gene Transfer Vector Core) were performed. Brains were analyzed after four weeks using 
immunofluorescence described below. Animal studies were approved by and followed the 
euthanasia guidelines of the University of North Carolina Institutional Animal Care and Use 
Committee. 
 
Immunofluorescence Staining: Fixed tissues was cut into 50 µm sagittal sections using a Leica 
VT100S vibratome, permeabilized and blocked with 0.5% Triton X-100, 10% BSA, 5 % normal 
goat serum and 0.01M glycine in PBS for 1 hour, followed by incubation with primary antibody 
overnight in 0.1% Triton X-100 in PBS. For EdU detection, manufacturer’s instructions were 
followed using a Click-It EdU imaging kit (Invitrogen, Grand Island, NY) directly prior to incubation 
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with primary antibody. After washing, sections were incubated for 4 hours with secondary antibody 
diluted in 0.1% Triton X100 in PBS, followed by washing and mounting on glass slides. Images 
were acquired with a LSM710 or LSM780 confocal microscope with ZEN 2012 software (Zeiss, 
Oberkochen, Germany). The following primary antibodies were used: GFP (Aves Labs, San 
Diego, CA, cat# GFP-1010 - 1:2000); Sox2, NeuN, BLBP, NG2 (EMD Millipore, Billerica, MA, cat# 
AB5603 – 1:500, MAB377 – 1:500, AB2253 – 1:500 AB5320 – 1:250); GFAP (Dako, Carpinteria, 
CA, cat# Z0334 – 1:1000); Sox2 (R&D Systems, Minneapolis, MN, cat# MAB2018 – 1:500); 
PDGFRα (Cell Signaling Technology, Danvers, MA, cat # 3174 – 1:500); Iba1 (Wako Chemicals, 
Richmond, VA, cat # 019-19741. Secondary antibodies were cross-absorbed IgG conjugated to 
CF488A, CF568 or CF647 (Biotium, Hayward, CA). 
 
Cell Quantification: For reporter quantification, five random images of the CTX, DI, BS, OFB, 
and CB and for wound quantification five images of the wounded area were taken using a Zeiss 
LSM 710 or 780 microscope with a 20X objective from two to three sagittal sections, located 
approximately 1.35 mm lateral to midline. ImageJ was used to count GFP+, TdTomato+, EdU+, 
and DAPI+ nuclei. The mean percent of GFP or tdTomato positive cells ± s.e.m. from 9-36 images 
for reporter quantification and 6-15 images for wound quantification was then calculated for each 
brain region from N=2-3 replicate mice per genotype. 
 
Cell Growth. Primary GFAP+ T(RP) astrocytes were cultured in DMEM supplemented with 10% 
fetal bovine serum and 1% penicillin/streptomycin as previously described (75, 88). To examine 
growth of cultured astrocyte subpopulations, 5,000 cells per well were plated in quadruplicate in 
96-well plates. Growth was assayed after 0-6 days in culture using the CellTiter 96 AQueous 
Proliferation Assay (Promega, Fitchburg, WI). Absorbance at 490 nm was determined on a 
Molecular Devices Emax plate reader (Chicago, IL) equipped with SoftMax Pro 5 software. 
Relative growth was calculated as absorbance relative to day 0. Data (mean ± SEM) were fit to a 
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logarithmic equation to calculate doubling times that were compared using the extra-sum-of-
squares F test in GraphPad Prism. 
 
Stab Wound Assay: Three month old Sox2-GFP mice were anaesthetized and stabbed in the 
frontal and rostral CTX once with a 30-gauge sterile needle. Mice were sacrificed 1, 3, 7, and 10 
days after wounding. Before sacrifice, mice were injected twice with EdU four hours prior to 
transcardial perfusion. Two sagittal sections for each timepoint were stained, imaged, and 
quantified. For quantification, four bins with a width of 100 µm were drawn on each side of the 
central needle tract stretching from the pia to the corpus callosum (Fig 4.3) and GFP+/EdU+ cells 
were quantified in each bin. Data are presented as mean ± s.e.m. 
 
Orthotopic Allograft: Three month old C57Bl/6 mice were anesthetized and placed into a 
stereotactic frame as described above. After a 0.5-cm scalp incision, 105 cells in 5 mL of 5% 
methylcellulose were injected into the right basal ganglia using coordinates 1, -2, and -4 mm (A, 
L, D) from the Bregma suture as previously described (148). 
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Figure 4.1. Sox2-GFP is expressed throughout the adult brain. GFP+ cells were quantified 
in cortex (CTX), diencephalon (DI), brainstem (BS), olfactory bulb (OFB), and cerebellum (CB). 
The mean percentage ± SEM of GFP+ cells in 8-15 images from N=3 mice is shown (a). 
Representative images from each brain region shows GFP+ (green) cells; nuclei are 
counterstained with DAPI (blue, b) (scale bar 100 µm). 
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Figure 4.2. Sox2-GFP cells are BLBP+ astrocytes. Brain sections of adult Sox2-GFP mice were 
immunostained with BLBP antibodies. GFP+ cells colocalized with BLBP+ astrocytes in the SVZ, 
OFB, CTX, DI, BS, and CB (scale bars, 10 µm). 
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Figure 4.3. Sox2+ astrocytes are involved in wound healing. Anaesthetized, adult Sox2-GFP 
mice were stabbed in the CTX and sacrificed 1, 3, 7, or 10 days after injury. A sagittal overview 
of a cortical stab wound, with the needle tract marked with a white line, is shown three days 
after stabbing stained with DAPI (blue), GFP (green), and EdU (red) (a). The percentage of 
Sox2-GFP+ (b) and EdU+ (c) cells is shown as a function of days after stab wound. The highest 
percentages of Sox2-GFP+ and EdU+ cells were seen 3 days post injury, however elevated 
percentages of only GFP+ cells were still seen 10 days post injury. The blue line labeled center 
indicates the 100 µm wide column on either side of the needle tract. The red, green, and black 
lines mark consecutive 100 µm wide columns moving outwards from the center columns around 
the stab wound. Data are presented as mean ± s.e.m. for n=1-3 animals (scale bars, 200 µm). 
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Figure 4.4. Sox2 knockout in astrocytes disrupts normal wound healing. Anaesthetized, 
adult Sox2GFP or Sox2GFP;GFAP-CreER;Sox2f mice were stabbed in the CTX once and 
sacrificed 1, 3, 7, or 10 days after injury. The raw number of proliferative, EdU+ cells around the 
wound site was counted in each sagittal section. While dividing cells around the wound were only 
present three days after wounding in Sox2GFP mice (blue line), proliferative cells in 
Sox2GFP;GFAP-CreER;Sox2f mice with Sox2 deleted (red line) were present at 1, 3, 7 and 10 
days after wounding, suggesting that Sox2 expression in astrocytes is important in wound healing. 
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Figure 4.5. Pten status influences growth response after Sox2 deletion in immortalized 
mouse astrocytes. Stable knock down of Sox2 with shRNA T and TR astrocytes revealed 
impeded growth upon decreased Sox2 expression (a,b). Expression of Sox2 resistant to the short 
hairpin rescued growth (c,d). In contrast, the growth of TP and TRP astrocytes was unaffected 
by the knockdown of Sox2, suggesting an interaction between Sox2 and PTEN signaling (e,f).  
  
  291  
 
Figure 4.6. Sox2 deletion fails to prevent low grade tumor formation across the brain in 
GFAP-CreER;TRP+/- mice after two months. Two months after tamoxifen, GFAP-
CreER;TRP;Sox2f/f  mice showed diffuse glioma at levels consistent with GFAP-
CreER;TRP;Sox2f/f  mice, suggesting that Sox2 deletion does not interfere with initial tumor 
formation. (scale bars, (a) 100µm, (b) 10 µm) 
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Figure S4.1. Sox2-GFP is expressed throughout the adult brain. Sagittal brain overviews of 
adult Sox2-GFP knock-in mice show GFP+ cells in the neurogenic sub ventricular zone (SVZ) as 
well as throughout the adult brain (a, b) (scale bar (a) 1 mm and (b) 100 µm). 
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Figure S4.2. Antibody staining confirms presence of Sox2 in Sox2-GFP knock-in mice. 
Brain sections of adult Sox2-GFP mice were immunostained with Sox2 antibodies revealing 
GFP+/Sox2+ cells throughout the brain. Representative images are shown from the SVZ (a), CTX 
(b), and OFB (c) (scale bars, 10 µm). 
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Figure S4.3. Sox2-GFP cells are GFAP+ astrocytes. Brain sections of adult Sox2-GFP mice 
immunostained with GFAP antibodies showed GFP expression in GFAP+ NSC in the SVZ as well 
as GFAP+ astrocytes in the OFB, CTX, and CB (scale bars, 10 µm). 
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Figure S4.4. Sox2-GFP+ cells are not neurons. Sox2-GFP cells fail to express neuronal markers 
such as NeuN+ neurons in the CTX, DI, BS, OFB, and CB (scale bars, 10 µm). 
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Figure S4.5. Sox2-GFP is expressed in astrocytes and OPC. BLBP+ astrocytes were 
quantified in the BS, CTX, DI, and OFB and expressed as a percentage of DAPI+ cells (a). Data 
are presented as mean ± s.e.m. Mean is shown for n=3 mice, scoring each mouse for at least 
150 GFP+ cells from four images per brain region (b). In the CTX, BLBP+ astrocytes, PDGFRα+ 
OPC, and IBA1+ microglia were quantified and expressed as a percentage of GFP+ cells. Data 
are presented as mean ± s.e.m. Mean is shown for n=2 mice, scoring for each animal at least 
1000 GFP+ cells from 5 images per brain region. 
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Figure S4.6. Sox2-CreER;tdTomato transgenic mice confirm Sox2 expression throughout 
the adult brain. tdTomato expression is present throughout the brain 8 days after induction of 
adult Sox2-CreER;tdTomato mice (a) (scale bar,). A magnified view of the CTX (b) shows single 
tdTomato+ cells, (scale bars 1 mm (a) and 100 µm (b)). 
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Figure S4.7. Sox2tdt cells are found throughout the adult brain. tdTomato+ cells were 
quantified (a) in the CTX, DI, BS, OFB, and CB. The number of tdTomato+ cells is expressed as 
percentage of DAPI+ cells in each region. The percentages of tdTomato+ cells per brain region 
are presented as mean ± s.e.m. for n=2-3 animals. Two to three brain slices with four images per 
slice for each brain region were quantified. Over 200 tdTomato+ cells were counted for each brain 
region. Representative images from each brain region shows tdTomato+ (red) cells distributed 
throughout the cell cytoplasm showing morphology consistent with protoplasmic astrocytes in the 
cortical grey matter; nuclei are counterstained with DAPI (b) (scale bar 100 µm). 
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Figure S4.8. Sox2-CreER induces recombination in BLBP+ and GFAP+ astrocytes 
throughout the brain. Sox2-CreER;tdTomato mice induced in adulthood displayed strong 
tdTomato signal in BLBP+ and GFAP+ astrocytes throughout cortical grey matter (GM) (a), cortical 
white matter (WM) (b), OFB (c), DI (d), BS (e), and CB (f), further confirming our findings in Sox2-
GFP mice (Fig. 3) (scale bar, 10 µm). 
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Figure S4.9. Sox2+ cells fail to proliferate in the absence of pathologic stimuli. In the absent 
of pathological stimuli such as trauma or oncogenic mutations, astrocytes in the adult brain do 
not actively incorporate the nucleotide analogue EdU into their DNA (a) or express proteins 
associated with cell division (b). Similarly, these astrocytes fail to express markers of stemness 
such as nestin (a) (scale bars, 10 µm). 
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Figure S4.10. GFP+ astrocytes at site of brain injury proliferate and express markers of 
reactive gliosis. Three days after wounding, cortical GFP+ astrocytes close to the wound 
expressed molecular markers of reactive gliosis, including GFAP (a) and Nestin (b), and actively 
proliferated, as indicated by EdU incorporation (b). Markers of reactive gliosis and proliferation 
were absent in unwounded grey matter (Fig. 5 and 6) (scale bars, 10 µm). 
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Figure S4.11. Dividing cells proximal to the wound are astrocytes, OPC, and microglia. Cell 
division only occurs in the neurogenic niches in the normal adult brain. However, when the brain 
is wounded, cells proximal to the wound reenter the cell cycle to aide with healing. The identity of 
these dividing cells are BLBP+ astrocytes (a), PDGFRα+ OPC (b), and IBA1+ microglia (c) (scale 
bars, 10 µm). 
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Figure S4.12. Astrocytes lose expression of Sox2 in Sox2KO model. Three days after 
induction, Sox2-GFP;GFAP-CreER;Sox2f mice were wounded via needlestick and sacrificed one 
day later. Immunofluorescent staining reveals that Sox2 expression is selectively absent from 
BLBP+ astrocytes (a), however expression of Sox2 in microglia (b) and OPC (c) remains 
unchanged. We confirmed deletion of Sox2 with an additional antibody (d) (scale bars, 10 µm). 
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Figure S4.13. Sox2-deficiency in TRP-/- allografts does not influence survival or histology. 
Orthotopic injection of 105 TRP-/- and TRP-/- astrocytes with stable Sox2 knockdown in N=10 mice 
yielded uniform levels of tumor via BLI analysis (a). Allografts of TRP-/- and TRP-/-;Sox2-/- 
astrocytes produce uniformly lethal disease (b) with histologically indistinguishable tumors (c). 
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Figure S4.14. Sox2 deletion fails to prevent tumor formation in virally induced TRP+/- 
tumors. TRP;Sox2f/f mice were injected with GFAP-Cre adenovirus. One month after injection, 
diffuse glioma was evident at the injection site (a,b). Immunofluorescent analysis revealed that 
these tumors lacked Sox2 while actively dividing and expressing T121, the primitive marker nestin, 
and GFAP at levels consistent with previously performed viral inductions in TRP mice, suggesting 
that Sox2 deletion does not impede glioma formation (scale bars, (a) 1mm, (b) 50µm, (c-d) 10 
µm). 
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Figure S4.15. Knockout of Oct4 and Sox2 decreases proliferation in TRP-/- cells. Stable 
knockdown with shRNA against both Oct4 and Sox2 in TRP-/- astrocytes decreases growth in 
vitro, suggesting that functional compensation exists among primitive transcription factors. 
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Chapter V: Discussion 
 
The previous chapters should provide insight into future studies on mouse modeling of 
glioma and the response of astrocytes to pathology. In summary, we defined the mutational 
requirements for glioma initiation and progression in GFAP astrocytes, the effects of these 
mutations on the resulting glioma genome and transcriptome, the results of targeting identical 
mutations to two different astrocyte populations, and the impact of Sox2 deletion in astrocytes on 
cell cycle reentry during tumor initiation and wound healing. 
In Chapter II, we used a novel GEMM to target mutations to the RB and RTK signaling 
pathways to generate glioma in GFAP astrocytes in adult mice. In this context, we showed that 
functional inactivation of all three Rb family proteins was essential for low-grade glioma initiation, 
while mutations activating MAPK signaling were unequal in their ability to potentiate malignant 
progression. The growth rate of the resulting tumors differed regionally. Driver mutation- and 
region-specific transcriptome profiles were present in resulting low grade glioma, implicating both 
initiating mutations and cellular origin as variables which influence glioma genomic heterogeneity. 
Using MRI, we determined that low grade glioma stochastically underwent malignant progression 
and that this progression could be partially driven by CNA. Resulting high-grade tumors showed 
transcriptome variability and consisted of three subtypes that mimicked human GBM 
transcriptome subtypes. These subtypes were confirmed in a validation set of high-grade mouse 
gliomas driven by different oncogenic mutations in different cells of origin. Moreover, high-grade 
tumor subtypes mirrored the expression profiles of purified brain cells and correlated with brain 
region. These results suggest initiating mutations influence resulting low-grade glioma 
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transcription profiles and that regional astrocyte identity and progression-acquired mutations 
contribute strongly to glioma heterogeneity. 
In Chapter III, we used our conditional, inducible TRP GEM glioma model to transform 
GFAP and GLAST astrocytes and performed genetic lineage tracing to monitor the cellular 
composition of the tumor and surrounding microenvironment over time. Transformation of GFAP 
astrocyte lead to uniformly rapid tumor growth independent of brain region, however 
transformation of GLAST astrocytes produced more slowly growing tumors with significant 
regional bias. Moreover, transformed GLAST astrocytes had reduced proliferative response and 
malignant progression was delayed in these tumors. Different populations of recruited glial cells 
changed over time and were a significant component of tumors derived from GLAST astrocytes, 
but not GFAP astrocyte-derived tumors. These results suggest that, in addition to initiating 
mutations as described in Chapter II, regional microenvironment and heterogeneity within 
astrocyte populations significantly contribute to glioma pathogenesis. 
In Chapter IV, we used Sox2-GFP mice to establish that terminally differentiated 
astrocytes in the adult brain express Sox2, a transcription factor shown to be essential for 
maintenance of pluripotency in adult NSC and dedifferentiation of fibroblasts into iPS. In adult 
astrocytes, Sox2 could be critical for maintenance of plasticity, providing strong evidence that 
terminally differentiated, adult astrocytes could serve as a glioma cell of origin. We used hGFAP-
CreER;Sox2f;Sox2-GFP mice to show that Sox2 deletion in astrocytes alters time course of 
wound healing. Also, Sox2 knockdown in a panel of tumorigenic astrocytes immortalized with 
TRP mutations influenced cell growth in a genotype dependent fashion, while tumor initiation in 
our glioma GEMM remained unchanged upon Sox2 deletion. These results suggest that Sox2 is 
important for astrocyte proliferation, however further experiments need to be done to determine 
how tumor initiating mutations interact with Sox2 loss to alter growth. 
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Influence of initiating mutations on glioma heterogeneity 
As mentioned in Chapter II, TCGA has provided evidence that human transcriptome 
subtypes are enriched in certain mutations. For example, IDH1 mutations were enriched in the 
proneural subtype, EGFR mutations in the classical subtype, PDGFR mutations in the neural 
subtype, and NF1 mutations in the mesenchymal subtype (5). This suggests that mouse models 
with these particular mutations could produce specific transcriptomes in human disease. 
However, mouse models with Nf1 deletions, a mutation characteristic of the mesenchymal 
subtype in humans, have resulted in tumors with proneural signatures (38). Other groups have 
shown that deletion of Rb1 does not influence resulting tumor transcriptome subtype in a mouse 
model with Trp53 and Pten deletions (18). 
Using our glioma GEMM, we showed that TRP mutations targeted to GFAP cells in the 
adult brain are able to generate three transcriptome subtypes of human GBM. Low-grade 
transcriptomes clustered by KrasG12D mutational status, however Pten status was unimportant for 
clustering. Low grade glioma generated using the Kras allele harbored a gene expression 
signature enriched in the IDH wild-type, pre-GBM subtype of aggressive, lower grade human 
gliomas that have poor prognoses and are enriched in mutations commonly seen in GBM (10, 79-
81). The transcriptome subtype of high grade TR(P) glioma in our discovery set failed to correlate 
with initiating mutation, suggesting that Pten deletion does not influence resulting high-grade 
tumor transcriptome. In combination, this evidence from multiple mouse models points to the fact 
that the initiating mutational profile alone is most likely only one variable which influences the 
resulting tumor transcriptome diversity. Other factors such as regional differences in cell types 
could play critical roles in the resulting tumor. This data shows that the GEMM initiating mutational 
profile alone is insufficient to determine the resulting transcriptome subtypes. Therefore, 
experimental validation is necessary to label a GEMM as generating a specific transcriptomal 
subtype, something which remains to be done for a large number of glioma GEMM and limits our 
understanding of the disease (14). 
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Future work with GEMM is essential to further understand the influence of initiating 
mutations on resulting glioma heterogeneity. As an extension of the work in Chapter II, we have 
engineered different combinations of oncogenic mutations commonly seen in human tumors. 
These include combinations of deletions in genes such as Trp53, Cdkn2a, Nf1, and Pten. Lineage 
tracing in these models with the fluorescent reporter gene tdTomato will facilitate tracking the 
evolution of the tumor over time. Flow sorting will allow the tumor to be separated from the 
surrounding stroma which will allow exploring molecular consequences of differing initiating 
mutations on the tumor as well as its interaction with the tumor microenvironment. These models 
with different combinations of initiating mutations will lead to a deeper understating of the impact 
of different, early oncogenic events on the resulting tumors over time.  
Influence of cell of origin on glioma heterogeneity 
As mentioned in Chapter I, TCGA has shown that the transcriptomes of murine neural cell 
types including astrocytes, neurons, OPC, and purified astrocytes mimic the transcriptome 
subtypes seen in human GBM (5), implicating these cell types as potential cells of origin for the 
disease. We found gene expression evidence in our TRP glioma GEMM suggesting that certain 
neural cell types could serve as a cell of origin for GBM. 
We used unsupervised analysis to identify GFAP-driven S2 proneural-like high grade 
glioma. These tumors occurred predominantly in the olfactory bulb, expressed markers of OPC 
such as PDGFRα, and were enriched in a signature similar to purified OPC despite being 
generated from GFAP+ NSC and astrocytes. Other groups have used lineage tracing to show that 
deletion of Trp53 and Nf1 in embryonic NSC leads to OPC-driven growth of proneural GBM (38). 
The GFAP promoter present in our adult inducible GEM is not active in the oligodendroglial 
lineage, as GFAP-driven expression of a conditional tdTomato reporter gene does not co-localize 
with OPC markers in these cells (110). This promoter targets approximately 60% of astrocytes 
throughout the brain as well as a majority of NSC within the SVZ. Thus, olfactory bulb tumors 
could theoretically arise from either directly transformed astrocytes within the olfactory bulb or 
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progeny from NSC that migrate from the SVZ through the rostral migratory stream and populate 
the olfactory bulb. We showed that focal injection of an astrocyte-specific, Ad-GFAPCre into the 
olfactory bulb of TRP;tdTomato mice induces tumors only in the olfactory bulb; viral injection into 
the SVZ induces tumors only in the SVZ and adjacent diencephalon (82). Taken together, these 
data suggest that the S2, proneural-like transcriptome profile present in olfactory bulb TRP tumors 
is due to induction of an OPC-like transcriptional program specifically in dedifferentiated local 
astrocytes rather than transformed NSC migrating to the olfactory bulb. 
Proneural GBM have also been produced in GEM by virally infecting NSC to overexpress 
PDGF, indirectly targeting PDGFRα+ OPC (149). Moreover, viral and Cre-lox based GEM have 
shown that proneural GBM arises from mutations directly targeting OPC.58,65 In combination, 
these models suggests that high-grade tumors may arise either through targeting mutations to 
OPC or other cell types which dedifferentiate through a common proneural transcriptome state 
when induced in the embryonic (38, 149) or adult brain (22, 86). 
A transcriptome shift from the proneural to the mesenchymal subtype has been 
demonstrated in response to Nf1 loss or radiation therapy (7, 84, 104). Here, we found that S1, 
mesenchymal-like, high-grade tumors often arose in the brainstem and expressed signatures 
similar to cultured astrocytes. Like our TR(P) models, mesenchymal-like tumors primarily 
developed in the brainstem of adult GEM in which Trp53 and Pten deletions were targeted to 
GFAP+ astrocytes (18). Mesenchymal-like glioma have also been induced in cortical astrocytes 
using lentiviral-based targeting of various mutations, including Trp53 plus Hras or Nf1 mutations 
(35, 105). Taken together, these data suggest that regional astrocyte heterogeneity may be an 
important determinant in the development of high-grade mesenchymal glioma. 
Finally, we described S3, neural-like high-grade tumors that occurred throughout the brain. 
These tumors had the most heterogeneous transcriptomes that were enriched in neuron signature 
genes. Immunostaining showed that these tumors maintained expression of astrocytic markers, 
but individual S3 high-grade tumors highly expressed OPC, astrocyte, and oligodendrocyte 
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signatures, suggesting that these tumors acquired divergent differentiation programs upon 
transformation. Interestingly, similar transcriptome heterogeneity was evident in neural-like 
gliomas induced by Trp53 plus Hras mutations in hippocampal NSC (35). 
GEMM will be essential to the success of future studies understanding how the cell of 
origin influences resulting glioma biology. We are targeting our TRP mutations as well as 
combinations of Trp53, Nf1, and Cdkn2a deletions to alternative cell types including Nestin+ NSC 
and Ng2+ OPC, in addition to GFAP+ and GLAST+ cells. Using lineage tracing, we are completing 
time courses outlining the impact of initiating cell type and mutations on tumor growth dynamics 
over time. We will be able to utilize lineage tracing in combination with flow sorting as mentioned 
above to explore the interaction of the tumor with the surrounding microenvironment. Sequencing 
tumors derived from different combinations of oncogenic mutations in different cell types would 
uncover valuable information about the influence of individual variables such as initiating 
mutations or cell type on resulting tumor transcriptome heterogeneity. 
We have previously shown that orthotopic allografts using cells isolated from TRP GEMM 
produced only the proneural subtype of GBM (75). We anticipate that cells isolated from GEMM 
driven by different combinations of mutations in various initiating cells could yield other GBM 
subtypes upon allograft. This would be useful given that inducible TRP mice are unsuitable as 
preclinical models due to variable tumor latency and expense. 
Influence of intracellular heterogeneity on resulting tumor heterogeneity 
In Chapter II, we targeted TRP mutations to GFAP+ cells throughout the brain and were 
able to generate three distinct transcriptome subtypes found in human disease. These three 
subtypes discovered in our TRP GEMM mice were also present in an independent cohort of high-
grade GEM tumors driven by diverse initiating mutations and cellular origins. Moreover, we 
showed that the transcriptomes of low-grade glioma retained location specific signatures and that 
high-grade tumors regional acquired CNA. Finally, high-grade tumors showed region specific 
CNA and transcriptome subtype of these tumors correlated with regional origin. In combination, 
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this data from our TRP GEMM suggests that transcriptome heterogeneity may arise in part from 
regional differences in astrocyte biology. 
Astrocytes throughout the brain vary molecularly (41), however appreciating how these 
variations influence tumor growth has been limited to in vitro studies exploring differential levels 
of Nf1 expression (51). In Chapter III, we showed that that targeting identical oncogenic mutations 
to astrocyte subpopulations yielded distinct growth patterns, suggesting that astrocyte 
subpopulations uniquely respond to the pro-proliferative signals of oncogenic TRP mutations. We 
have argued that targeting TRP mutations to GFAP+ astrocytes results in tumors which closely 
resemble primary GBM due to rapid tumor growth and lack of IDH mutations (32). When TRP 
mutations are targeted to GLAST astrocytes, the resulting tumors have a protracted proliferative 
phase and delayed malignant progression, growth patterns similar to secondary GBM. We will 
explore if the molecular drivers of GLAST derived tumors are alterations commonly seen in 
secondary GBM such as mutations in IDH1. 
To further explore how heterogeneity within cell types influences tumor subtype, GEMM 
using additional CreER systems to target other populations of astrocyte such as ALDH1L1+ and 
GLT1+ cells in the adult brain. In a parallel approach, stereotactic injections of a lentivirus 
delivering GFAP-Cre could regionally induce focal tumors in GFAP+ astrocytes to more 
reproducibly explore the influence of region on resulting tumors. Other cell types including OPC 
and NSC can be regionally targeted with virally delivered Nestin-Cre and Ng2-Cre. In addition to 
astrocytes, other neural cell types including oligodendrocytes and NSC are extremely 
heterogeneous within the adult brain (150, 151). CreER based systems typically utilized to study 
developmental neurobiology could be used to target oncogenic mutations to populations of these 
cells to explore the impact of this heterogeneity on resulting glioma pathology. In summary, 
tumors derived from these models could reveal cell, mutation, and region-specific vulnerabilities 
in resulting glioma transcriptomes to help better inform patient care. 
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Influence of Sox2 on astrocyte reentry into the cell cycle 
As mentioned in Chapter IV, we utilized three separate methods to test how Sox2 
expression in astrocytes influences the proliferative response of astrocytes to pathology. We first 
wounded the brains of mice with Sox2 conditionally deleted in astrocytes and found an increase 
in proliferative cells and a disruption in wound healing, suggesting that Sox2 is involved in the 
proliferative response to extrinsic pathological stimuli. Molecular characterization of the Sox2-null 
astrocytes as well as other glial cell types in response to wounding could elucidate molecular 
processes which could be coopted during oncogenesis. Future mouse models could conditionally 
delete other transcription factors in astrocytes or other glial cell populations to probe additional 
mechanisms of cell cycle reentry during response to wounding. 
We showed that Sox2 knockdown in a panel of tumorigenic astrocytes immortalized with 
TRP mutations decreased proliferation in cell types with intact Pten, however cell types with Pten 
deletion did not show growth ablation. The molecular mechanism for these growth patterns remain 
unknown, however other groups have shown that AKT directly activates Sox2 via phosphorylation 
in breast cancer (145). This relationship has not been shown in astrocytes, however could explain 
differential growth patterns as PTEN is a negative regulator of AKT signaling. Future experiments 
re-expressing PTEN in our astrocyte panel as well as experiments genetically or 
pharmacologically ablating AKT signaling would help elucidate the molecular interaction between 
PTEN and Sox2. 
Using our TRP glioma GEMM, we found that Sox2 ablation in tamoxifen induced GFAP-
CreER;TRP;Sox2f/f and virally induced TRP;Sox2f/f mice did not inhibit tumor growth and initiation 
in vivo. However, molecular differences between tumors with and without Sox2 could be 
elucidated with sequencing technology. Our in vitro data indicates that tumor growth following 
Sox2 deletion in GFAP-CreER;T;Sox2f/f or GFAP-CreER;TR;Sox2f/f mice could be influenced, 
suggesting a possible direction for future experiments. 
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Conclusion 
In the work above, we have used complementary approaches with GEMM and tumorigenic 
astrocytes to outline how astrocyte respond to intrinsic and extrinsic pathologic stimuli. Only when 
cellular origin, regional cell type heterogeneity, and initiating mutations among other variables are 
systematically adjusted in a single GEMM, and tumors are uniformly analyzed, will we be able to 
determine how each variable influences resulting glioma heterogeneity. This knowledge will 
facilitate molecular classification of glioma subtypes, the development of preclinical models of 
disease, and mechanism-based therapies. 
 
  316  
REFERENCES 
1. Ostrom QT, Gittleman H, Fulop J, Liu M, Blanda R, Kromer C, et al. CBTRUS Statistical 
Report: Primary Brain and Central Nervous System Tumors Diagnosed in the United States in 
2008-2012. Neuro Oncol. 2015;17 Suppl 4:iv1-iv62. 
 
2. Miller CR, Perry A. Glioblastoma. Arch Pathol Lab Med. 2007;131(3):397-406. 
 
3. Stupp R, Hegi ME, Mason WP, van den Bent MJ, Taphoorn MJ, Janzer RC, et al. Effects 
of radiotherapy with concomitant and adjuvant temozolomide versus radiotherapy alone on 
survival in glioblastoma in a randomised phase III study: 5-year analysis of the EORTC-NCIC trial. 
Lancet Oncol. 2009;10(5):459-66. 
 
4. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, Taphoorn MJ, et al. 
Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N Engl J Med. 
2005;352(10):987-96. 
 
5. Verhaak RG, Hoadley KA, Purdom E, Wang V, Qi Y, Wilkerson MD, et al. Integrated 
genomic analysis identifies clinically relevant subtypes of glioblastoma characterized by 
abnormalities in PDGFRA, IDH1, EGFR, and NF1. Cancer Cell. 2010;17(1):98-110. 
 
6. Noushmehr H, Weisenberger DJ, Diefes K, Phillips HS, Pujara K, Berman BP, et al. 
Identification of a CpG island methylator phenotype that defines a distinct subgroup of glioma. 
Cancer Cell. 2010;17(5):510-22. 
 
7. Phillips HS, Kharbanda S, Chen R, Forrest WF, Soriano RH, Wu TD, et al. Molecular 
subclasses of high-grade glioma predict prognosis, delineate a pattern of disease progression, 
and resemble stages in neurogenesis. Cancer Cell. 2006;9(3):157-73. 
 
8. Rutledge WC, Kong J, Gao J, Gutman DA, Cooper LA, Appin C, et al. Tumor-infiltrating 
lymphocytes in glioblastoma are associated with specific genomic alterations and related to 
transcriptional class. Clin Cancer Res. 2013;19(18):4951-60. 
 
9. Louis DN, Perry A, Reifenberger G, von Deimling A, Figarella-Branger D, Cavenee WK, 
et al. The 2016 World Health Organization Classification of Tumors of the Central Nervous 
System: a summary. Acta Neuropathol. 2016;131(6):803-20. 
 
10. Cancer Genome Atlas Research Network. Comprehensive, integrative genomic analysis 
of diffuse lower-grade gliomas. N Engl J Med. 2015;372(26):2481-98. 
 
11. Visvader JE. Cells of origin in cancer. Nature. 2011;469(7330):314-22. 
 
12. Cancer Genome Atlas Research Network. Comprehensive genomic characterization 
defines human glioblastoma genes and core pathways. Nature. 2008;455(7216):1061-8. 
 
13. Brennan CW, Verhaak RG, McKenna A, Campos B, Noushmehr H, Salama SR, et al. The 
somatic genomic landscape of glioblastoma. Cell. 2013;155(2):462-77. 
 
14. Schmid RS, Vitucci M, Miller CR. Genetically engineered mouse models of diffuse 
gliomas. Brain Res Bull. 2012;88(1):72-9. 
 
  317  
15. Zheng H, Ying H, Yan H, Kimmelman AC, Hiller DJ, Chen AJ, et al. p53 and Pten control 
neural and glioma stem/progenitor cell renewal and differentiation. Nature. 2008;455(7216):1129-
33. 
 
16. Abel TW, Clark C, Bierie B, Chytil A, Aakre M, Gorska A, et al. GFAP-Cre-mediated 
activation of oncogenic K-ras results in expansion of the subventricular zone and infiltrating 
glioma. Mol Cancer Res. 2009;7(5):645-53. 
 
17. Bachoo RM, Maher EA, Ligon KL, Sharpless NE, Chan SS, You MJ, et al. Epidermal 
growth factor receptor and Ink4a/Arf: convergent mechanisms governing terminal differentiation 
and transformation along the neural stem cell to astrocyte axis. Cancer Cell. 2002;1(3):269-77. 
 
18. Chow LM, Endersby R, Zhu X, Rankin S, Qu C, Zhang J, et al. Cooperativity within and 
among Pten, p53, and Rb pathways induces high-grade astrocytoma in adult brain. Cancer Cell. 
2011;19(3):305-16. 
 
19. Ding H, Roncari L, Shannon P, Wu X, Lau N, Karaskova J, et al. Astrocyte-specific 
expression of activated p21-ras results in malignant astrocytoma formation in a transgenic mouse 
model of human gliomas. Cancer Res. 2001;61(9):3826-36. 
 
20. Holland EC, Hively WP, DePinho RA, Varmus HE. A constitutively active epidermal growth 
factor receptor cooperates with disruption of G1 cell-cycle arrest pathways to induce glioma-like 
lesions in mice. Genes Dev. 1998;12(23):3675-85. 
 
21. Uhrbom L, Dai C, Celestino JC, Rosenblum MK, Fuller GN, Holland EC. Ink4a-Arf loss 
cooperates with KRas activation in astrocytes and neural progenitors to generate glioblastomas 
of various morphologies depending on activated Akt. Cancer Res. 2002;62(19):5551-8. 
 
22. Galvao RP, Kasina A, McNeill RS, Harbin JE, Foreman O, Verhaak RG, et al. 
Transformation of quiescent adult oligodendrocyte precursor cells into malignant glioma through 
a multistep reactivation process. Proc Natl Acad Sci USA. 2014;111(40):E4214-23. 
 
23. Lindberg N, Kastemar M, Olofsson T, Smits A, Uhrbom L. Oligodendrocyte progenitor cells 
can act as cell of origin for experimental glioma. Oncogene. 2009;28(23):2266-75. 
 
24. Lindberg N, Jiang Y, Xie Y, Bolouri H, Kastemar M, Olofsson T, et al. Oncogenic signaling 
is dominant to cell of origin and dictates astrocytic or oligodendroglial tumor development from 
oligodendrocyte precursor cells. J Neurosci. 2014;34(44):14644-51. 
 
25. Hambardzumyan D, Amankulor NM, Helmy KY, Becher OJ, Holland EC. Modeling adult 
gliomas using RCAS/t-va technology. Transl Oncol. 2009;2(2):89-95. 
 
26. Alcantara Llaguno S, Chen J, Kwon CH, Jackson EL, Li Y, Burns DK, et al. Malignant 
astrocytomas originate from neural stem/progenitor cells in a somatic tumor suppressor mouse 
model. Cancer Cell. 2009;15(1):45-56. 
 
27. Kang HJ, Kawasawa YI, Cheng F, Zhu Y, Xu X, Li M, et al. Spatio-temporal transcriptome 
of the human brain. Nature. 2011;478(7370):483-9. 
 
  318  
28. Hawrylycz MJ, Lein ES, Guillozet-Bongaarts AL, Shen EH, Ng L, Miller JA, et al. An 
anatomically comprehensive atlas of the adult human brain transcriptome. Nature. 
2012;489(7416):391-9. 
 
29. Barami K, Sloan AE, Rojiani A, Schell MJ, Staller A, Brem S. Relationship of gliomas to 
the ventricular walls. Journal of Clinical Neuroscience. 2009;16(2):195-201. 
 
30. Eberhart CG. Three down and one to go: modeling medulloblastoma subgroups. Cancer 
Cell. 2012;21(2):137-8. 
 
31. Xiao A, Wu H, Pandolfi PP, Louis DN, Van Dyke T. Astrocyte inactivation of the pRb 
pathway predisposes mice to malignant astrocytoma development that is accelerated by PTEN 
mutation. Cancer Cell. 2002;1(2):157-68. 
 
32. Song Y, Zhang Q, Kutlu B, Difilippantonio S, Bash R, Gilbert D, et al. Evolutionary etiology 
of high-grade astrocytomas. Proc Natl Acad Sci USA. 2013;110(44):17933-8. 
 
33. Zhu Y, Guignard F, Zhao D, Liu L, Burns DK, Mason RP, et al. Early inactivation of p53 
tumor suppressor gene cooperating with NF1 loss induces malignant astrocytoma. Cancer Cell. 
2005;8(2):119-30. 
 
34. Kwon CH, Zhao D, Chen J, Alcantara S, Li Y, Burns DK, et al. Pten haploinsufficiency 
accelerates formation of high-grade astrocytomas. Cancer Res. 2008;68(9):3286-94. 
 
35. Friedmann-Morvinski D, Bushong EA, Ke E, Soda Y, Marumoto T, Singer O, et al. 
Dedifferentiation of neurons and astrocytes by oncogenes can induce gliomas in mice. Science. 
2012;338(6110):1080-4. 
 
36. Holland EC, Celestino J, Dai C, Schaefer L, Sawaya RE, Fuller GN. Combined activation 
of Ras and Akt in neural progenitors induces glioblastoma formation in mice. Nat Genet. 
2000;25(1):55-7. 
 
37. Le DM, Besson A, Fogg DK, Choi KS, Waisman DM, Goodyer CG, et al. Exploitation of 
astrocytes by glioma cells to facilitate invasiveness: a mechanism involving matrix 
metalloproteinase-2 and the urokinase-type plasminogen activator-plasmin cascade. J Neurosci. 
2003;23(10):4034-43. 
 
38. Liu C, Sage JC, Miller MR, Verhaak RG, Hippenmeyer S, Vogel H, et al. Mosaic analysis 
with double markers reveals tumor cell of origin in glioma. Cell. 2011;146(2):209-21. 
 
39. Alcantara Llaguno SR, Wang Z, Sun D, Chen J, Xu J, Kim E, et al. Adult Lineage-
Restricted CNS Progenitors Specify Distinct Glioblastoma Subtypes. Cancer Cell. 
2015;28(4):429-40. 
 
40. Bardella C, Al-Dalahmah O, Krell D, Brazauskas P, Al-Qahtani K, Tomkova M, et al. 
Expression of Idh1R132H in the Murine Subventricular Zone Stem Cell Niche Recapitulates 
Features of Early Gliomagenesis. Cancer Cell. 2016. 
 
41. Chaboub LS, Deneen B. Developmental origins of astrocyte heterogeneity: the final 
frontier of CNS development. Dev Neurosci. 2012;34(5):379-88. 
 
  319  
42. Wang DD, Bordey A. The astrocyte odyssey. Prog Neurobiol. 2008;86(4):342-67. 
 
43. Ge WP, Miyawaki A, Gage FH, Jan YN, Jan LY. Local generation of glia is a major 
astrocyte source in postnatal cortex. Nature. 2012;484(7394):376-80. 
 
44. Bandeira F, Lent R, Herculano-Houzel S. Changing numbers of neuronal and non-
neuronal cells underlie postnatal brain growth in the rat. Proc Natl Acad Sci USA. 
2009;106(33):14108-13. 
 
45. Marshall CA, Suzuki SO, Goldman JE. Gliogenic and neurogenic progenitors of the 
subventricular zone: who are they, where did they come from, and where are they going? Glia. 
2003;43(1):52-61. 
 
46. Rakic P. Elusive radial glial cells: historical and evolutionary perspective. Glia. 
2003;43(1):19-32. 
 
47. Tsai HH, Li H, Fuentealba LC, Molofsky AV, Taveira-Marques R, Zhuang H, et al. Regional 
astrocyte allocation regulates CNS synaptogenesis and repair. Science. 2012;337(6092):358-62. 
 
48. Molofsky AV, Krencik R, Ullian EM, Tsai HH, Deneen B, Richardson WD, et al. Astrocytes 
and disease: a neurodevelopmental perspective. Genes Dev. 2012;26(9):891-907. 
 
49. Doyle JP, Dougherty JD, Heiman M, Schmidt EF, Stevens TR, Ma G, et al. Application of 
a translational profiling approach for the comparative analysis of CNS cell types. Cell. 
2008;135(4):749-62. 
 
50. Bachoo RM, Kim RS, Ligon KL, Maher EA, Brennan C, Billings N, et al. Molecular diversity 
of astrocytes with implications for neurological disorders. Proc Natl Acad Sci USA. 
2004;101(22):8384-9. 
 
51. Yeh TH, Lee da Y, Gianino SM, Gutmann DH. Microarray analyses reveal regional 
astrocyte heterogeneity with implications for neurofibromatosis type 1 (NF1)-regulated glial 
proliferation. Glia. 2009;57(11):1239-49. 
 
52. Cahoy JD, Emery B, Kaushal A, Foo LC, Zamanian JL, Christopherson KS, et al. A 
transcriptome database for astrocytes, neurons, and oligodendrocytes: a new resource for 
understanding brain development and function. J Neurosci. 2008;28(1):264-78. 
 
53. Kanai Y, Hediger MA. Primary structure and functional characterization of a high-affinity 
glutamate transporter. Nature. 1992;360(6403):467-71. 
 
54. Rothstein JD, Martin L, Levey AI, Dykes-Hoberg M, Jin L, Wu D, et al. Localization of 
neuronal and glial glutamate transporters. Neuron. 1994;13(3):713-25. 
 
55. Regan MR, Huang YH, Kim YS, Dykes-Hoberg MI, Jin L, Watkins AM, et al. Variations in 
promoter activity reveal a differential expression and physiology of glutamate transporters by glia 
in the developing and mature CNS. J Neurosci. 2007;27(25):6607-19. 
 
56. Yang Y, Vidensky S, Jin L, Jie C, Lorenzini I, Frankl M, et al. Molecular comparison of 
GLT1+ and ALDH1L1+ astrocytes in vivo in astroglial reporter mice. Glia. 2011;59(2):200-7. 
 
  320  
57. Ko Y, Ament SA, Eddy JA, Caballero J, Earls JC, Hood L, et al. Cell type-specific genes 
show striking and distinct patterns of spatial expression in the mouse brain. Proc Natl Acad Sci 
USA. 2013;110(8):3095-100. 
 
58. Fomchenko EI, Dougherty JD, Helmy KY, Katz AM, Pietras A, Brennan C, et al. Recruited 
cells can become transformed and overtake PDGF-induced murine gliomas in vivo during tumor 
progression. PLoS One. 2011;6(7):e20605. 
 
59. Huang Y, Hoffman C, Rajappa P, Kim JH, Hu W, Huse J, et al. Oligodendrocyte progenitor 
cells promote neovascularization in glioma by disrupting the blood-brain barrier. Cancer Res. 
2014;74(4):1011-21. 
 
60. Kennedy BC, Maier LM, D'Amico R, Mandigo CE, Fontana EJ, Waziri A, et al. Dynamics 
of central and peripheral immunomodulation in a murine glioma model. BMC Immunol. 
2009;10:11. 
 
61. Zhai H, Heppner FL, Tsirka SE. Microglia/macrophages promote glioma progression. Glia. 
2011;59(3):472-85. 
 
62. Wagner S, Czub S, Greif M, Vince GH, Suss N, Kerkau S, et al. Microglial/macrophage 
expression of interleukin 10 in human glioblastomas. Int J Cancer. 1999;82(1):12-6. 
 
63. Markovic DS, Glass R, Synowitz M, Rooijen N, Kettenmann H. Microglia stimulate the 
invasiveness of glioma cells by increasing the activity of metalloprotease-2. J Neuropathol Exp 
Neurol. 2005;64(9):754-62. 
 
64. Lovatt D, Sonnewald U, Waagepetersen HS, Schousboe A, He W, Lin JH, et al. The 
transcriptome and metabolic gene signature of protoplasmic astrocytes in the adult murine cortex. 
The Journal of neuroscience : the official journal of the Society for Neuroscience. 
2007;27(45):12255-66. 
 
65. Orre M, Kamphuis W, Osborn LM, Melief J, Kooijman L, Huitinga I, et al. Acute isolation 
and transcriptome characterization of cortical astrocytes and microglia from young and aged mice. 
Neurobiology of aging. 2014;35(1):1-14. 
 
66. Ellis P, Fagan BM, Magness ST, Hutton S, Taranova O, Hayashi S, et al. SOX2, a 
persistent marker for multipotential neural stem cells derived from embryonic stem cells, the 
embryo or the adult. Developmental neuroscience. 2004;26(2-4):148-65. 
 
67. Ferri AL, Cavallaro M, Braida D, Di Cristofano A, Canta A, Vezzani A, et al. Sox2 
deficiency causes neurodegeneration and impaired neurogenesis in the adult mouse brain. 
Development. 2004;131(15):3805-19. 
 
68. Suh H, Consiglio A, Ray J, Sawai T, D'Amour KA, Gage FH. In vivo fate analysis reveals 
the multipotent and self-renewal capacities of Sox2+ neural stem cells in the adult hippocampus. 
Cell stem cell. 2007;1(5):515-28. 
 
69. Taranova OV, Magness ST, Fagan BM, Wu Y, Surzenko N, Hutton SR, et al. SOX2 is a 
dose-dependent regulator of retinal neural progenitor competence. Genes & development. 
2006;20(9):1187-202. 
 
  321  
70. Pekny M, Nilsson M. Astrocyte activation and reactive gliosis. Glia. 2005;50(4):427-34. 
 
71. Takahashi K YS. Induction of pluripotent stem cells from mouse embryonic and adult 
fibroblast cultures by defined factors. Cell. 2006;126(4):663-76. 
 
72. Nakagawa M KM, Tanabe K, Takahashi K, Ichisaka T, Aoi T, Okita K, Mochiduki Y, 
Takizawa N, Yamanaka S. Generation of induced pluripotent stem cells without Myc from mouse 
and human fibroblasts. Nat Biotechnol. 2008;26(1):101-6. 
 
73. Yu J VM, Smuga-Otto K, Antosiewicz-Bourget J, Frane JL, Tian S, Nie J, Jonsdottir GA, 
Ruotti V, Stewart R, Slukvin II, Thomson JA. Induced pluripotent stem cell lines derived from 
human somatic cells. Science. 2007;318(5858):1917-20. 
 
74. Sung Min Kim HF, Andreas Hermann, Marcos Jesús Araúzo-Bravo, Seung Chan 
Lee, Sung Ho Lee, Eun Hye Seo, Seung Hyun Lee, Alexander Storch, Hoon Taek Lee, Hans 
R Schöler, Natalia Tapia, & Dong Wook Han. Direct conversion of mouse fibroblasts into induced 
neural stem cells. Nature Protocols. 2014;9:871-81. 
 
75. Vitucci M, Karpinich NO, Bash RE, Werneke AM, Schmid RS, White KK, et al. 
Cooperativity between MAPK and PI3K signaling activation is required for glioblastoma 
pathogenesis. Neuro Oncol. 2013;15(10):1317-29. 
 
76. Jackson EL, Willis N, Mercer K, Bronson RT, Crowley D, Montoya R, et al. Analysis of 
lung tumor initiation and progression using conditional expression of oncogenic K-ras. Genes 
Dev. 2001;15(24):3243-8. 
 
77. Suzuki A, Yamaguchi MT, Ohteki T, Sasaki T, Kaisho T, Kimura Y, et al. T cell-specific 
loss of Pten leads to defects in central and peripheral tolerance. Immunity. 2001;14(5):523-34. 
 
78. Miller CR, Perry A. Glioblastoma: Morphologic and molecular diversity. Arch Pathol Lab 
Med. 2007;131(3):397-406. 
 
79. Ceccarelli M, Barthel FP, Malta TM, Sabedot TS, Salama SR, Murray BA, et al. Molecular 
profiling reveals biologically discrete subsets and pathways of progression in diffuse glioma. Cell. 
2016;164(3):550-63. 
 
80. Suzuki H, Aoki K, Chiba K, Sato Y, Shiozawa Y, Shiraishi Y, et al. Mutational landscape 
and clonal architecture in grade II and III gliomas. Nat Genet. 2015;47(5):458-68. 
 
81. Gorovets D, Kannan K, Shen R, Kastenhuber ER, Islamdoust N, Campos C, et al. IDH 
mutation and neuroglial developmental features define clinically distinct subclasses of lower grade 
diffuse astrocytic glioma. Clin Cancer Res. 2012;18(9):2490-501. 
 
82. Irvin DM, McNeill RS, Bash RE, Miller CR. Intrinsic astrocyte heterogeneity influences 
tumor growth in glioma mouse models. Brain Pathol. 2016. 
 
83. Belgard TG, Marques AC, Oliver PL, Abaan HO, Sirey TM, Hoerder-Suabedissen A, et al. 
A transcriptomic atlas of mouse neocortical layers. Neuron. 2011;71(4):605-16. 
 
  322  
84. Schmid RS, Simon JM, Vitucci M, McNeill RS, Bash RE, Werneke AM, et al. Core pathway 
mutations induce de-differentiation of murine astrocytes into glioblastoma stem cells that are 
sensitive to radiation but resistant to temozolomide. Neuro Oncol. 2016. 
 
85. Akella NS, Ding Q, Menegazzo I, Wang W, Gillespie GY, Grammer JR, et al. A novel 
technique to quantify glioma tumor invasion using serial microscopy sections. J Neurosci 
Methods. 2006;153(2):183-9. 
 
86. Lei L, Sonabend AM, Guarnieri P, Soderquist C, Ludwig T, Rosenfeld S, et al. 
Glioblastoma models reveal the connection between adult glial progenitors and the proneural 
phenotype. PLoS One. 2011;6(5):e20041. 
 
87. Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, et al. The cBio cancer 
genomics portal: an open platform for exploring multidimensional cancer genomics data. Cancer 
Discov. 2012;2(5):401-4. 
 
88. McNeill RS, Schmid RS, Bash RE, Vitucci M, White KK, Werneke AM, et al. Modeling 
astrocytoma pathogenesis in vitro and in vivo using cortical astrocytes or neural stem cells from 
conditional, genetically engineered mice. J Vis Exp. 2014(90):e51763. 
 
89. Tusher VG, Tibshirani R, Chu G. Significance analysis of microarrays applied to the 
ionizing radiation response. Proc Natl Acad Sci USA. 2001;98(9):5116-21. 
 
90. Molofsky AV, Slutsky SG, Joseph NM, He S, Pardal R, Krishnamurthy J, et al. Increasing 
p16INK4a expression decreases forebrain progenitors and neurogenesis during ageing. Nature. 
2006;443(7110):448-52. 
 
91. Guha A, Feldkamp MM, Lau N, Boss G, Pawson A. Proliferation of human malignant 
astrocytomas is dependent on Ras activation. Oncogene. 1997;15(23):2755-65. 
 
92. Dasgupta B, Li W, Perry A, Gutmann DH. Glioma formation in neurofibromatosis 1 reflects 
preferential activation of K-RAS in astrocytes. Cancer Res. 2005;65(1):236-45. 
 
93. Burel-Vandenbos F, Ngo-Mai M, Dadone B, Di Mauro I, Gimet S, Saada-Bouzid E, et al. 
MET immunolabeling is a useful predictive tool for MET gene amplification in glioblastoma. 
Neuropathol Appl Neurobiol. 2016. 
 
94. Shai R, Shi T, Kremen TJ, Horvath S, Liau LM, Cloughesy TF, et al. Gene expression 
profiling identifies molecular subtypes of gliomas. Oncogene. 2003;22(31):4918-23. 
 
95. van den Boom J, Wolter M, Kuick R, Misek DE, Youkilis AS, Wechsler DS, et al. 
Characterization of gene expression profiles associated with glioma progression using 
oligonucleotide-based microarray analysis and real-time reverse transcription-polymerase chain 
reaction. Am J Pathol. 2003;163(3):1033-43. 
 
96. Godard S, Getz G, Delorenzi M, Farmer P, Kobayashi H, Desbaillets I, et al. Classification 
of human astrocytic gliomas on the basis of gene expression: a correlated group of genes with 
angiogenic activity emerges as a strong predictor of subtypes. Cancer Res. 2003;63(20):6613-
25. 
 
  323  
97. Sonabend AM, Bansal M, Guarnieri P, Lei L, Amendolara B, Soderquist C, et al. The 
transcriptional regulatory network of proneural glioma determines the genetic alterations selected 
during tumor progression. Cancer Res. 2014;74(5):1440-51. 
 
98. Whitfield ML, Sherlock G, Saldanha AJ, Murray JI, Ball CA, Alexander KE, et al. 
Identification of genes periodically expressed in the human cell cycle and their expression in 
tumors. Mol Biol Cell. 2002;13(6):1977-2000. 
 
99. Negrini S, Gorgoulis VG, Halazonetis TD. Genomic instability--an evolving hallmark of 
cancer. Nat Rev Mol Cell Biol. 2010;11(3):220-8. 
 
100. Dannenberg JH, van Rossum A, Schuijff L, te Riele H. Ablation of the retinoblastoma gene 
family deregulates G(1) control causing immortalization and increased cell turnover under growth-
restricting conditions. Genes Dev. 2000;14(23):3051-64. 
 
101. Sottoriva A, Spiteri I, Piccirillo SG, Touloumis A, Collins VP, Marioni JC, et al. Intratumor 
heterogeneity in human glioblastoma reflects cancer evolutionary dynamics. Proc Natl Acad Sci 
USA. 2013;110(10):4009-14. 
 
102. Gravendeel LA, Kouwenhoven MC, Gevaert O, de Rooi JJ, Stubbs AP, Duijm JE, et al. 
Intrinsic gene expression profiles of gliomas are a better predictor of survival than histology. 
Cancer Res. 2009;69(23):9065-72. 
 
103. Li A, Walling J, Ahn S, Kotliarov Y, Su Q, Quezado M, et al. Unsupervised analysis of 
transcriptomic profiles reveals six glioma subtypes. Cancer Res. 2009;69(5):2091-9. 
 
104. Ozawa T, Riester M, Cheng YK, Huse JT, Squatrito M, Helmy K, et al. Most human non-
GCIMP glioblastoma subtypes evolve from a common proneural-like precursor glioma. Cancer 
Cell. 2014;26(2):288-300. 
 
105. Niola F, Zhao X, Singh D, Sullivan R, Castano A, Verrico A, et al. Mesenchymal high-
grade glioma is maintained by the ID-RAP1 axis. J Clin Invest. 2013;123(1):405-17. 
 
106. Sohn J, Orosco L, Guo F, Chung SH, Bannerman P, Mills Ko E, et al. The subventricular 
zone continues to generate corpus callosum and rostral migratory stream astroglia in normal adult 
mice. J Neurosci. 2015;35(9):3756-63. 
 
107. Higashi K, Fujita A, Inanobe A, Tanemoto M, Doi K, Kubo T, et al. An inwardly rectifying 
K(+) channel, Kir4.1, expressed in astrocytes surrounds synapses and blood vessels in brain. Am 
J Physiol Cell Physiol. 2001;281(3):C922-31. 
 
108. Schmitt A, Asan E, Puschel B, Kugler P. Cellular and regional distribution of the glutamate 
transporter GLAST in the CNS of rats: nonradioactive in situ hybridization and comparative 
immunocytochemistry. J Neurosci. 1997;17(1):1-10. 
 
109. Hertz L, Rodrigues TB. Astrocytic-neuronal-astrocytic pathway selection for formation and 
degradation of glutamate/GABA. Front Endocrinol. 2014;5:42. 
110. Casper KB, Jones K, McCarthy KD. Characterization of astrocyte-specific conditional 
knockouts. Genesis. 2007;45(5):292-9. 
 
  324  
111. Kang SH, Fukaya M, Yang JK, Rothstein JD, Bergles DE. NG2+ CNS glial progenitors 
remain committed to the oligodendrocyte lineage in postnatal life and following 
neurodegeneration. Neuron. 2010;68(4):668-81. 
 
112. Madisen L, Zwingman TA, Sunkin SM, Oh SW, Zariwala HA, Gu H, et al. A robust and 
high-throughput Cre reporting and characterization system for the whole mouse brain. Nat 
Neurosci. 2010;13(1):133-40. 
 
113. Louis DN, Ohgaki H, Wiestler OD, Cavenee WK, editors. WHO classification of tumours 
of the central nervous system. 4th ed. Lyon: IARC; 2007. 
 
114. Nikolaishvilli-Feinberg N, Cohen SM, Midkiff B, Zhou Y, Olorvida M, Ibrahim JG, et al. 
Development of DNA damage response signaling biomarkers using automated, quantitative 
image analysis. J Histochem Cytochem. 2014;62(3):185-96. 
 
115. Perego C, Vanoni C, Bossi M, Massari S, Basudev H, Longhi R, et al. The GLT-1 and 
GLAST glutamate transporters are expressed on morphologically distinct astrocytes and 
regulated by neuronal activity in primary hippocampal cocultures. J Neurochem. 2000;75(3):1076-
84. 
 
116. Schmid RS, Simon JM, Vitucci M, McNeill RS, Bash RE, Werneke AM, et al. Core pathway 
mutations induce de-differentiation of murine astrocytes into glioblastoma stem cells that are 
sensitive to radiation but resistant to temozolomide. Neuro Oncol. 
2016:DOI:10.1093/neuonc/nov321. 
 
117. Ohgaki H, Kleihues P. The definition of primary and secondary glioblastoma. Clin Cancer 
Res. 2013;19(4):764-72. 
 
118. Ward RJ, Dirks PB. Cancer stem cells: at the headwaters of tumor development. Annu 
Rev Pathol. 2007;2:175-89. 
 
119. Koren S, Reavie L, Couto JP, De Silva D, Stadler MB, Roloff T, et al. PIK3CA(H1047R) 
induces multipotency and multi-lineage mammary tumours. Nature. 2015;525(7567):114-8. 
 
120. Doyle JP DJ, Heiman M, Schmidt EF, Stevens TR, Ma G, Bupp S, Shrestha P, Shah RD, 
Doughty ML et al.:. Application of a translational profiling approach for the comparative analysis 
of CNS cell types. Cell. 2008;135:749-62. 
 
121. Hill SJ BE, McIntosh TK. Regional heterogeneity in the response of astrocytes following 
traumatic brain injury in the adult rat. J Neuropathol Exp Neurol. 1996;55:1221-9. 
 
122. Louis DN OH, Wiestler OD, Cavenee WK (eds) WHO classification of tumours of the 
central nervous system. WHO Classification of Tumours. 4th edn ed. Lyon: IARC; 2007. 
 
123. Singh S, Clarke, I., Terasaki, M., Bonn, V., Hawkins, C., Squire, J., Dirk, P. Identification 
of a Cancer Stem Cell in Human Brain Tumors. Cancer Research. 2003;63:5821-8. 
 
124. Aubert J SM, Tweedie S, O’Reilly M, Vierlinger K, Li M, Ghazal P, Pratt T, Mason JO, Roy 
D, Smith A. Screening for mammalian neural genes via fluorescence-activated cell sorter 
purification of neural precursors from Sox1-gfp knock-in mice. Proc Natl Acad Sci. 
2003;100(1):11836-41. 
  325  
 
125. Barraud P, Thompson, L., Kirik, D., Bjorklund, A., and Parmar, M. Isolation and 
characterization of neural precursor cells from the Sox1-GFP reporter mouse. European Journal 
of Neuroscience. 2005;22:1555-69. 
 
126. Brazel CY LT, Osborne JK, Miura T, Cai J, Pevny L, Rao MS. Sox2 expression defines a 
heterogeneous population of neurosphere-forming cells in the adult murine brain. Aging Cell. 
2005;4(4):197-207. 
 
127. Ellis P FB, Magness ST, Hutton S, Taranova O, Hayashi S, McMahon A, Rao M, Pevny L 
SOX2, a persistent marker for multipotential neural stem cells derived from embryonic stem cells, 
the embryo or the adult. Dev Neurosci 2004;26 (2-4):148-65. 
 
128. Ferri AL CM, Braida D, Di Cristofano A, Canta A, Vezzani A, Ottolenghi S, Pandolfi PP, 
Sala M, DeBiasi S, Nicolis SK Sox2 deficiency causes neurodegeneration and impaired 
neurogenesis in the adult mouse brain. Development. 2004;131 (15):3805-19. 
 
129. Suh H CA, Ray J, Sawai T, D'Amour KA, Gage FH. In vivo fate analysis reveals the 
multipotent and self-renewal capacities of Sox2+ neural stem cells in the adult hippocampus. Cell 
Stem Cell. 2007;1 (5):515-28. 
 
130. Taranova OV MS, Fagan BM, Wu Y, Surzenko N, Hutton SR, Pevny LH. SOX2 is a dose-
dependent regulator of retinal neural progenitor competence. Genes Dev. 2006;20 (9):1187-202. 
 
131. V. E. SOX2 functions in adult neural stem cells. Trends Neurosci. 2005 28(5):219-21. 
 
132. Komitova M EP. Sox-2 is expressed by neural progenitors and astroglia in the adult rat 
brain. Neurosci Lett. 2004;369(1):24-7. 
 
133. Sottile V LM, Scotting PJ. Stem cell marker expression in the Bergmann glia population of 
the adult mouse brain. Brain Res. 2006;1099(1):8-17. 
 
134. Cahoy JD EB, Kaushal A, Foo LC, Zamanian JL, Christopherson KS, Xing Y, Lubischer 
JL, Krieg PA, Krupenko SA, Thompson WJ, Barres BA. A transcriptome database for astrocytes, 
neurons, and oligodendrocytes: a new resource for understanding brain development and 
function. J Neurosci. 2008;28 (1):264-78. 
 
135. Lovatt D SU, Waagepetersen HS, Schousboe A, He W, Lin JH, Han X, Takano T, Wang 
S, Sim FJ, Goldman SA, Nedergaard M. The transcriptome and metabolic gene signature of 
protoplasmic astrocytes in the adult murine cortex. J Neurosci. 2007;27 (45):12255-66. 
 
136. Orre M KW, Osborn LM, Melief J, Kooijman L, Huitinga I, Klooster J, Bossers K, Hol EM. 
Acute isolation and transcriptome characterization of cortical astrocytes and microglia from young 
and aged mice. Neurobiol Aging. 2013;35(1):1-14. 
 
137. Wegner MaS, C. From stem cells to neurons and glia: a Soxist’s view of neural 
development. Trends Neurosci. 2005;28(11):583-8. 
 
138. Ge W-P, Miyawaki A, Gage F, Jan Y, Jan L. Local generation of glia is a major astrocyte 
source in postnatal cortex. Nature. 2012;484(7394):376-80. 
 
  326  
139. Ihrie RA, Alvarez-Buylla A. Lake-front property: a unique germinal niche by the lateral 
ventricles of the adult brain. Neuron. 2011;70(4):674-86. 
 
140. Guo F, Maeda Y, Ma J, Xu J, Horiuchi M, Miers L, et al. Pyramidal neurons are generated 
from oligodendroglial progenitor cells in adult piriform cortex. The Journal of neuroscience : the 
official journal of the Society for Neuroscience. 2010;30(36):12036-49. 
 
141. Bardehle S, Kruger M, Buggenthin F, Schwausch J, Ninkovic J, Clevers H, et al. Live 
imaging of astrocyte responses to acute injury reveals selective juxtavascular proliferation. Nature 
neuroscience. 2013;16(5):580-6. 
 
142. Ridet JL, Malhotra SK, Privat A, Gage FH. Reactive astrocytes: cellular and molecular 
cues to biological function. Trends Neurosci. 1997;20(12):570-7. 
 
143. Seo E, Basu-Roy U, Zavadil J, Basilico C, Mansukhani A. Distinct functions of Sox2 control 
self-renewal and differentiation in the osteoblast lineage. Mol Cell Biol. 2011;31(22):4593-608. 
 
144. Basu-Roy U, Ambrosetti D, Favaro R, Nicolis SK, Mansukhani A, Basilico C. The 
transcription factor Sox2 is required for osteoblast self-renewal. Cell Death Differ. 
2010;17(8):1345-53. 
 
145. Schaefer T, Wang H, Mir P, Konantz M, Pereboom TC, Paczulla AM, et al. Molecular and 
functional interactions between AKT and SOX2 in breast carcinoma. Oncotarget. 
2015;6(41):43540-56. 
 
146. Ahlfeld J, Favaro R, Pagella P, Kretzschmar HA, Nicolis S, Schuller U. Sox2 requirement 
in sonic hedgehog-associated medulloblastoma. Cancer Res. 2013;73(12):3796-807. 
 
147. Favaro R, Valotta M, Ferri AL, Latorre E, Mariani J, Giachino C, et al. Hippocampal 
development and neural stem cell maintenance require Sox2-dependent regulation of Shh. 
Nature neuroscience. 2009;12(10):1248-56. 
 
148. Miller CR, Williams CR, Buchsbaum DJ, Gillespie GY. Intratumoral 5-fluorouracil produced 
by cytosine deaminase/5-fluorocytosine gene therapy is effective for experimental human 
glioblastomas. Cancer Res. 2002;62(3):773-80. 
 
149. Halliday J, Helmy K, Pattwell SS, Pitter KL, LaPlant Q, Ozawa T, et al. In vivo radiation 
response of proneural glioma characterized by protective p53 transcriptional program and 
proneural-mesenchymal shift. Proc Natl Acad Sci USA. 2014;111(14):5248-53. 
 
150. Marques S, Zeisel A, Codeluppi S, van Bruggen D, Mendanha Falcao A, Xiao L, et al. 
Oligodendrocyte heterogeneity in the mouse juvenile and adult central nervous system. Science. 
2016;352(6291):1326-9. 
 
151. Chaker Z, Codega P, Doetsch F. A mosaic world: puzzles revealed by adult neural stem 
cell heterogeneity. Wiley Interdiscip Rev Dev Biol. 2016;5(6):640-58. 
 
